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ENHANCED FUNCTIONAL EXPRESSION OF 
G PROTEIN-COUPLED RECEPTORS 

STATEMENT OF RRLATED APPLICATIONS 

This application hereby claims the benefit of United States provisional 
application S.N, 60/098,704 filed September 1, 1998. The entire disclosure of this 
provisional application is relied upon and incoq)orated by reference herein. 

FIELD OF THE INVENTION 
This invention relates to mutant G protein-coupled receptors with 
constitutively activating mutations that permit detection of the receptors' functional 
activity in the absence of activating ligands, host cells that contain mutations that 
promote the functional activity of the G protein-coupled receptors, host cells 
expressing such receptors, vectors useful for makmg such cells and methods of 
making and usbg the same. This invention also relates to modified G alpha proteins, 
and particularly to chimeric yeast-mammalian G alpha proteins, host cells expressing 
these modified G alpha proteins, vectors for making such cells and methods of making 
and using the same. 

BACKGROUND OF HjV. TNVPNTTOM 
The actions of many extracellular signals, such as neurotransmitters, 
hormones, odorants, and light, are mediated by a triad of proteins which has been 
identified in organisms from yeast to mammals. This triad consists of a receptor, 
coupled to a trimeric guanine nucleotide-binding regulatory protein (G protein), which 
in turn is coupled to a cellular effector. These receptors have seven transmembrane 
domains and are named for their association with the G protein as "G protein-coupled 
receptors" ("GPCRs"). 

The regulatory G proteins are comprised of three subunits: a guanyhiucleotide 
binding a subunit; a P subunit; and a y subunit B.K ConkJin and H.R. Bourne 
(1 993). G proteins cycle between two forms, depending on whether GDP or GTP is 
bound to the a subunit When GDP is bound, the G protein exists as a heterotrimer, 
the GaPv complex. When GTP is bound, the a subunit dissociates, leaving a Gpy 
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complex. Importantly, v^cn a Copy complex operatively associates with an 
activated G protein coupled receptor in a cell membrane, the rate of exchange of GTP 
for bound GDP is increased and, hence, the rate of disassociation of the bound Ga 
subunit from the Gpy complex increases. The free Ga subunit and G^y complex are 
capable of transmitting a signal to downstream elements of a variety of signal 
transduction pathways. Examples of these downstream cellular effector proteins 
include, among others, adenylate cyclases, ion channels, and phospholipases. This 
fundamental scheme of events forms the basis for a multiplicity of different cell 
signaling phenomena. KG. Dohlman et al. (1991). 

Because of their ubiquitous nature in important biochemical pathways, the G 
protein-coupled receptors represent important targets for new therapeutic drugs. In 
turn, the discovery of such drugs will necessarily require screening assays of high 
^ificity and throughput, termed high-throughput screening (HTS) assays. 
Screening assays utilizing microorganisms, such as yeast strains, genetically modified 
to accommodate functional expression of the G protein-coi^)led receptors offer 
significant advantages m research involving ligand binding to numerous receptors 
implicated in various disease states. 

These screenmg assays depend on functional expression of the G protein- 
coiq>led receptors in the desired host cell. Functional expression of wild type G 
protem-coupled receptors was developed in a Saccharomyces cerevisiae cell system 
based on the observation that yeast utilizes G protein-coupled receptors and 
heterotrimeric G proteins to regulate the mating process. M Pausch (1997). Haploid 
yeast cells detect the presence of peptide mating pheromones secreted by potential 
mating partners through binding to G protein-coupled pheromone receptors encoded 
by the STE2 and STES genes. Activated pheromone receptors catalyze dissociation of 
a heterotrimeric G protein, encoded by the GPAl (a), SrE4 (P), and STEIS (y) genes. 
Gpalp-mediated negative regulation is thereby relieved, allowing the complex of 
Ste4p and StelSp to activate a signal transduction pathway composed elements of a 
mitogen activated protein kinase (MAP kinase) pathway. M.C. Gustinetal (1998). 
The pathway is composed of MAP kinase homologs encoded by the FUSS and KSSl 
genes, and upstream regulatory protein kinases encoded by the S7E7. (MAP kinase 
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kinase or MEK) and ^Ell (MEK kinase) genes. The result of activation of this 
padiivay is cell cycle ainest and transcriptional induction of pheiomone-responsive 
genes. Mutations in elements of the MAP kinase pathway abolish these responses. 

The product of the FARl gene mediates cell cycle arrest in response to 
phcromone. FARl encodes a negative regulator of 01 cyclins and is thought to serve 
as the primary interfece between the pheromone response pathway and cell cycle 
r^atoiy machinery. Peter et al (1993). Deletion of the FARl gene allows for 
contmued cell growth and transcriptional induction of pheromone-responsive genes in 
the presence of an activated mating signal transduction pathway. 

The yeast cell response to chronic stimulation of the pheromone response 
pathway is induction of specific desensitization or adaptation mechanisms. The 
primary adaptation mechanism is mediated by the product of the SST2 gene, KG. 
Dohlman et al (1997), the prototypical RGS protein. Yeast cells lacking functional 
Sst2p exhibit hypersensitivity to the presence of pheromone and inability to recover 
from pheromonc-induced cell cycle arrest. 

Detecting the yeast cells that respond to agonist requires an additional 
modification, the addition of pheromone responsive reporter genes. In order to confer 
a selectable phenotype, the protein-coding segment of the HISS gene, which encodes 
an enzyme required for histidine biosynthesis, was used to replace the FUSl protein- 
coding region. Thus, expression of this enzyme necessary for growth on medium 
laddng histidine is made dependent on activation of the pheromone response pathway. 
Agonist activation of this FUS1-HIS3 reporter gene in his3 cells would be expected to 
produce a growdi response on medium lacking in histidine. In the absence of agonist 
activation, the FUSl -HISS reporter gene is largely inactive, litUe His3 gene product is 
produced, the cells make insufficient histidine and therefore cannot grow. In order to 
permit screening of samples that contain histidine, e.g. natural products extracts, a 
reporter gene that confers mducible 04 1 8 resistance may be included. Other reporter 
genes functional in this system include £ coli LacZ, which encodes beta- 
galactosidasc, and green fluorescence protein. Direct screening for antagonists may be 
accomplished using the stably integrated FUSl-CANl reporter gene. 
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TTiis technology was previously mployed to characterize somatostatm SST2, 
adenosine Ala, cholecystoldnin CCK-B and growth honnone releasing hoimone 
receptors expressed in yeast LA. Price etal. (1995). LA. Price et at. (1996). M.H. 
Peaach et al (1998). E. M Ktgkowsid et al. (1997). Through its use, novel SSTR2- 
selective agonists and antagonists vrare developed from SAR based on peptide analogs 
of somatostatin, R. T. Bass et aL (1996), and via screening of a d-amino acid peptide 
Ubrary. W.R. Baumbach et aL (1998). Modified versions of the technology have been 
employed to characterize ligands for LPA, melatonin and chemokine receptors. J.R. 
Ericlcsonetal. (1998). T. Kokkolaetal. (1998). C. Klein etal. (1998). T. J. Baramki 
etal. (1999). 

However, microorganisms transformed with wUd-type recq)tors may perform 
poorly in growth assays, exhibiting, for example, the inability to interact with the 
heterotrimeric 0 protein, in^ropriate localiaation and/or desensitization. Many 
GPCRs are phosphoiylated in response to chronic and persistent agonist stimulation 
which often leads to desensitization followed by sequestration or internalization of the 
receptors. Desensitization of GPCRs causes uncoupling from interaction with 
heterotrimeric G proteins. This process is mediated by a variety of regulatory receptor 
protein kinases, including G protein-coupled receptor kinases (GRK), protein kinase 
A (PKA). protein kinase C (PKC), and casein kinases (CK). Internalization involves 
removal of GPCRs from the plasma membrane via receptor-mediated endocytosis. 
Internalized receptors may be recycled back to the ceU surface, or delivered to a 
lysosomal/vacuolar compartment for degradation. The ubiquitin-mediated 
degradative pathway is also involved in this process. The ultimate result of receptor 
phosphorylation and sequestration/intemalization is often cell growth arrest, which 
significantly reduces the utility of the genetically modified microorganism in 
soeening assays. 

In addition to poor performance in growth assays, other problems hamper the 
utiUty of many wild type G protein-coupled receptors screening assays. Recem efforts 
to clone GPCRs from humans and other species have revealed the presence of a large 
number of DNA sequences that appear to encode GPCRs for which no cognate ligand 
has been identified. These so-called orphan receptors are a challenging problem for 
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the drug discovery industry. In the usual manner of developing drug screening assays, 
a GPCR with a known cognate agonist is expressed in a heterologous expression 
system, e.g., manunalian ceOs, yeast, etc. The ability of the GPCR to functionally 
interact with the intracellular heterotrimeric G proteins is determined via activation of 
the GPCR with its cognate agonist and subsequent measurement of resulting G 
protein-mediated activation of effector enzyme activity. Successfiil activation of 
effector activity validates the screening assay, permitting the drug discovery scientist 
to have confidence that the GPCR is appropriately expressed and functional. The 
difficulty with the orphan GPCR lies in the fact that, since no cognate agonist is 
known for the orphan GPCR, its e}q)ression and functional activity cannot be verified. 

SUMMARY QF THE INVENTTQN 
It is an object of this invention to provide modified G protein-coupled 
receptors and G proteins that function well in high throughput screening assays, 
implemented in any eukaryotic cell, preferably yeast cells. Thus, a first aspect of the 
present invention is directed to nucleotide sequences cncodmg a G protein-coupled 
receptor which has been modified to improve the function of the GPCR by causing the 
receptor to couple more efficiently with the heterotrimeric G protem and/or to fail to 
interact with the cell desensitization and/or sequestration/intemalizalion machinery, 
and/or to appropriately localize to the plasma membrane. In preferred embodiments, 
such modifications lead to unproved agonist-stimulated growth-promoting ability. 
One specific modification of the nucleotide sequence encoding a G protein-coupled 
receptor encompassed by ttus invention is a mutation in any intracellular domam or 
membrane region proximal to internal domains. 

It is a another object of this invention to provide modified orphan G protem- 
coupled receptors that can function in high througl^ut screening assays even though 
its specific cognate ligand in unknown. Thus, in a second aspect of this invention, tiie 
nucleotide sequence encoding a GPCR encompassed by this invention encodes a 
modification of the amino acids involved in receptor activation resulting in production 
of a constitutively active GPCR. Such mutations may occur throughout the GPCR 
sequence. Particularly interesting are mutations in regions proximal to and witiiin the 
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second and third intraoeUular loops and within the tzansmembiane domains. One 
specific modification is a mutation in a conserved motif found in ibodopsin family 
GPCRs that is invohred in GPCR acUvation and known as the DRY box, i.e., the 
domain jMoximal to the second intraceUular loop encoding amino acid residues Asp- 
Aig-Tyr. 

This invention is also directed to chimeric GPCRs in which intiacellular 
domains of heterologous GPCRs that provide favorable 0 protein coupling properties 
or domains not subject to the yeast cell desensitization and/or 
sequestration/mtemalization machinery are used to replace comparable domains in 
GPCRs of interest. This invention also relates to expression vectors comprising die 
modified nucleotide sequences and to host cells transfoimed thaewith. 

In a third aspect of tiiis invention, host cells, such as yeast cells, may be 
mutated via deletion or point mutation to promote improved coupling of heterologous 
GPCRs to heterotrimeric G proteins and/or eliminate receptor kinases or otiier 
components of the desensitization and/or sequestiation/intemalization machinery. 
One such modification of die host cells according to this invention involves a 
mutation that affects die ratio or nature of sterols in the membrane. Other examples of 
modifications to host cells according to this invention include (1) mutations in host 
cell genes encoding the heterotrimeric G protem that improve coupling widi 
heterologous GPCRs; (2) mutation of genes encodmg regulatory receptor protein 
kinases, including G protein-coupled receptor kinases, protein kinase A, protein 
kmase C and/or casein kinases, that cause a reduction in receptor phosphorylation; and 
(3) mutations in genes encoding components of the endocytic and/or degradative 
pathways includmg ubiquitin mediated patiiways tfiat reduce receptor 
sequestration/intemalization and/or degradation. The result of tiiese mutations is a 
host ceU that exhibits improved edacity to si^poit fimctional expression of 
heterologous GPCRs. 

It is a fourth aspect of tiiis invention to provide host cells that express chimeric 
G proteins tiiat function well in HTS assays. These host ceUs exhibit improved 
coupling of G proteins to heterologous GPCRs expressed tiierein and, tiius, are usefid 
to screen for coupling selectivity of expressed heterologous GPCRs, or to demonstrate 
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the functional expression of orphan GPCRs in die absence of agonist. One preferred 
chimeric G protein is composed of sequences from Gpal , the yeast G alpha protein, in 
\^ch the five carboxy-tenninal amino acids have been replaced with those firom 
various heterologous G protein alpha subunits, including those from mammals and 
other vertebrate species, insects and other invertebrate species, and various fungal 
species. Other examples include chimeric G protein alpha subimits composed of an 
amino-tenninal G protein beta and gamma subimit binding domain from Gpal fused 
to carboxy-terminal receptor binding domains fix>m heterologous G alpha proteins. 

Additional aspects of this invention include methods of functionally 
expressing an orphan GPCR in a host cell with activation by agonist. Constitutively 
active GPCRs can promote growth in the absence of agonist, thus, demonstrating that 
they are functionally expressed. Functional expression may be further enhanced by 
expressing constitutively active GPCRs in host cells that contain a chimeric G alpha 
protein, thereby unproving OPCR-G alpha protein coupling selectivity. In 
combination, positive results from both types of experiments provide convincing 
evidence that a GPCR may be functionally expressed in a host cell. With this 
evidence in hand, HTS assays using the wild type GPCR may be pursued with 
confidence that the GPCR is funcdonally expressed and capable of respondmg to the 
presence of ligands. Therefore, host cells containing expressed constitutive GPCRs 
may be used in an improved method of assaying compounds to determine the effects 
of ligand binding. Compounds that promote growth over that attributable to the 
action of the constitutive GPCR may be agonists, those that inhibit growth may be 
antagonists or inverse agonists. 

BRIEF DESCRIPTION OF THE DRAWINGS 
FIGURE lA depicts the results of liqiud culture assays on yeast cells 
containing the rat M3 muscarinic acetylcholine receptor (MAR) using MAR agonist 
carbachol (CCh). Yeast cells containing a M3 MAR with a deletion in the third 
intracellular loop (IC3 A) produced an agonist-dependent growth response, while the 
wild type MAR did not, mdicating that the M3 MAR ICS A is functional GPCR. 
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FIGURE IB dq)icts the results of liquid culture fluorescence induction assays n 
yeast cells containing the rat M3 MAR IC3 A and the FUS2-GFP reporter plasmid 
using the MAR agonist carbachol (CCh). A dose-dependent increase in the 
expression of the green fluorescent protein is observed in response to CCh activation 
of die M3 MAR ICS A expressed in yeast 

FIGURE 2 depicts the results of liquid culture assays on yeast cells 
containing the Drosophila muscarinic acetylcholine receptor using the MAR agonist 
carbachol (CCh). Yeast cells containing a mutated Drosophila MAR containing the 
M3 MAR IC3 A produced an agonist-dependent growth response while the wild type 
Drosophila MAR lacked an agonist-dependent yeast cell growth response. 

FIGURE 3 depicts the results of an agar-based plate bioassay. FIGURE 3A 
shows a robust growth response of yeast cells containing the IC3 A cholccystokinin 
CCKB receptor. FIGURE 3B shows only limited growth by yeast cells containing 
the wild type CCKB receptor, indicating that the deletion of a portion of the third 
intracellular loop of the CCKB receptor improves its function in yeast 

FIGURE 4 depicts yeast cells transformed widi rSSTR3 and with 
rSSTR3AIC3. FIGURE 4A demonstrates that yeast cells containing p426GPD- 
rSSTR3 show a weak response to somatostatin (S*14). FIGURE 4B demonstrates a 
much stronger response by yeast cells contauiing p426GPD-rSSTR3 AIC3 assayed 
under similar conditions. 

FIGURE S depicts the results of liquid culture assays on yeast ceils 
contaming wild type IC3 A and a constitutively active mutant (CAM) IC3A human 
alpha2A adrenergic receptor using the alpha adrenergic receptor full agonist 
UK14304. Yeast cells containing the wild type and CAM IC3A human alpha 2A 
adrenergic receptor produced a dose-dependent growth response, indicating that the 
IC3 deletion is functional. 

FIGURE 6A depicts the results of liquid culture assays on yeast cells 
containing wild type IC3 A and a constitutively active mutant (CAM) IC3 A human 
alphalA adrenergic receptor using the alpha adrenergic receptor full agonist UK14304 
in the presence of AT (3-aminotriazole). FIGURE 6B depicts tiie results of liquid 
culture assays on yeast cells containing wild type IC3A and a constitutively active 
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ffiutant (CAM) IC3A human alplia2A adrenergic receptor using the alpha adrenergic 
receptor partial agonist clonidine in the presence of AT. Only the CAM alpha2A-AR 
responds to clonidine, consistent with Ae increased responsiveness to agonist 
expected of a CAM GPCR. 

FIGURE 7 depicts the results of an agar-based plate bioassay on yeast cells 
containing modified (CAM) M3-MAR compared to unmodified M3-MAR in die 
presence of MAR agonist, carbachol, and inverse agonist, atropine. FIGURE 7A 
shows that the CAM M3-MAR promotes an elevated yeast growth rate in the absence 
of agonist and a reversal of agonist-independent growth in the presence of inverse 
agonist, atropine. HGURE 7B shows that atropine had no effect on the basal growth 
of the CAM M3.MAR in the presence of histidine. 

FIGURE 8 depicts the resiilts of liquid culture assays on yeast cells 
containing wildtype and carboxy terminally tnmcated rat NTl-neurotensin receptors 
using the neurotensb receptor agonist AcNT8-13. Truncation of the rat NTl- 
neurotensin receptor produces an agonist-dependent growth response that is more 
sensitive than that observed with the wildtype receptor. 

ncURE 9 depicts yeast cells containing the vasopressin receptor plasmids, 
embedded in agar in the absence (left) and presence (right) of 1 mM aminotriazole. 
FIGURE 9A depicts strain MPY578fc (ERG6) transformed with V2 receptor. 
FIGURE 9B depicts strain YML103 (ergS) transformed with V2 receptor. FIGURE 
9C depicts strain MPY578fc (ERG6) transfoimed with Via receptor. FIGURE 9D 
depicts strain YML103 (erg6) transformed with Via receptor. 

FIGURE 10 depicts yeast cells containing receptor plasmids. embedded m 
agar in the absence (left) and presence (right) of 1 mM aminotriazole. FIGURE lOA 
depicts strain MPY578fc (ERG6) transformed with melanocortin MC4 receptor. 
FIGURE lOB depicts strain YML103 (ergS) transformed with melanocortin MC4 
receptor. These results demonstrate that the changes in membrane properties caused 
by the erg6 mutation results in improved responses by vasopressm V2, and Via 
receptors, and melanocortin MC4 receptors. 

FIGURE 11 depicts the results of experiments in which heterologous OPCRs 
have been assayed in yeast strains bearing die chimeric G alpha proteins. For each 
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indicated GPCR, + indicates that a dose-dependent growth response to cognate 
agonist was observed when assayed in the liquid format; - indicates no detectable 
agonist dose-dependent growth response. These results demonstrate the functional 
activity of chimeric G proteins coupled to heterologous GPCRs expressed in yeast. 

FIGURE 12 depicts the agonist-uidependent growth response to high and low 
level adenosine A2a receptor expression in yeast cells containing various chimeric G 
alpha proteins. When expressed at high levels, adenosine A2a receptors promote 
growth of only a subset of yeast cells containing chimeric G proteins, bdicating that 
this receptor retains G alpha protein coupling selectivity when expressed in yeast 
cells. The growth promoting activity is greatest when the adenosine A2a recq)tor is 
expressed at high levels and less when adenosme A2a receptor expression is reduced. 

DETAILED DESCRIPTTON OF TW K INVENTTOM 
Modified G Protein-Coupled Receptors 

Nucleotide sequences encoding G protein-coupled receptors may be modified 
to improve the function of the GPCR by causing the receptor to couple more 
efficiently with the heterotrimeric G protein and/or to fail to interact with the cell 
desensitization and/or sequestration/intemalization machinery, leading to activation of 
downstream signal transduction pathways. In higher eukaiyotic cells, these pathways 
may include the stimulation or inhibition of adenylyl cyclase leading to changes in 
intracellular cyclic AMP concentrations, stimulation of phospholipase Cp, leading to 
increases in intracellular inositol trisphosphate and/or calcium ion concentrations as 
well as changes in the activities of G protein regulated potassium and calcium 
channels, sodium/hydrogen exchangers and other membrane localized signaling 
proteins. In a preferred embodiment, such modifications lead to improved agonist- 
stimulated yeast cell growth-promoting ability. The improvement of GPCR-G protem 
coi^ling and/or elimination of receptor phosphorylation and/or 
sequestration/intemalization in the host cell provides a means to improve the function 
of wildtype heterologous GPCRs that fail to stimulate a usefiil yeast cell growth 
response. Thus, GPCRs that fail to function in their wild typQ form may be made to 
work by the methods of this invaition. 
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The improvement of GPCR-0 protein coupling and or elimination of receptor 
phosporylation and/or sequestration/intcmalization in the host cell may be assessed by 
using routine techniques, such as those described in the Examples set forth below or 
known to those of skill in the art. For example, improvement of the function of a 
mutated GPCR over wild^ may be quantified as a statistically significant increase 
in the signai-to-noise ratio and/or in the sensitivity of the liquid bioassay. The 
signal-to-noise ratio is determined by comparing the agonist-induced growth rate to 
the growth rate observed in the absence of agonist A statistically-significant increase 
in Ae signal-to-noise ratio resulting fiom agonist-stimulation of a mutated GPCR over 
similar values obtained from cells containing a wildtype receptor indicates that the 
function of the mutated GPCR has been improved. 

The sensitivity of the liquid bioassay is defined as the agonist concentration 
necessaiy to produce a half-maximal growth rate (ED50 or EC50). The sensitivity of 
the bioassay is increased if a mutated GPCR produces a half-maximal growth rate at 
an agonist concentration that is statistically significantly less than that required by the 
wildtype GPCR. 

Similarly, the more qualitative agar based bioassay will reflect increases in 
signal-to-noise ratio and/or sensitivity due to agonist stimulation of mutated GPCRs. 
In the agar based bioassay, signal-to-noise ratio increases arc determined by 
comparing the extent of growth within die agonist induced growth zone resulting from 
stimulation of mutated and wildtype receptor. The sensitivity of the bioassay is 
proportional to the radius of the growdi zone. Since applied compounds diflfiise 
radially from the site of application to the agar, agonist concentration varies with the 
square of the radius of the growth zone. Thus, a larger zone of growth in response to 
agonist activation of mutated GPCRs reflects an increase in sensitivity. 

Any G protein-coupled receptor may be OTiployed in practicing this invention. . 
Examples of such receptors include, but are not limited to, adenosine receptors, 
somatostatin receptors, dopamine receptors, cholecystokinin receptors, muscarinic 
cholinergic receptors, a-adrenergic receptors, p-adrenergic receptors, opiate receptors, 
cannabinoid receptors, histamine receptors, growth homione releasing factor, 
glucagon, serotonin receptors, vasopressin receptors, melanocortin receptors, and 
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ncurotensin receptors. In certain preferred embodiments, the receptor is a muscarinic 
acetylcholine receptor and more preferably, the muscarinic acetylcholine receptor is of 
the M3 subtype. 

Sunilarly, any suitable host cell may be transformed with the modified G 
protein-coupled receptors of this invention. Examples of suitable host cells are yeast 
cells, mammalian cells, insect cells, and bacterial cells. Preferably, the host cells are 
yeast cells, mammalian cells, or insect cells. 

One generalizable method for unproving the fimction of a GPCR expressed in 
a host cell is by modification or elimination of portions of the intracellular domams of 
the GPCR, such as the third intracellular loop (IC3) sequences of the G protein- 
coupled receptor. Because the desensitization and internalization machinery acts upon 
the intracellular domains of the GPCR, elimination of the intracellular domains of the 
GPCRs produces a more stable receptor expression. This has been demonstrated in 
experiments conducted in mammalian cells. Muscarinic acetylcholine receptors, 
including the M3 subtype, lacking a domain of their third intracellular loop thought to 
be involved in receptor internalization, are maintained in the plasma membrane to a 
greater extent than their wildtype counterparts. Mora et al (1993). 

In addition to providing modified known GPCRs that function more efficiently 
(e.g., possess improved agonist-stimulated growth-promoting ability), this invention 
also provides modified orphan GPCRs whose functional activity can be verified even 
though its cognate ligand is unknown. Investigation into the mechanism of GPCR 
activation has lead to the proposal of a ternary model which accounts for the 
cooperative interactions between GPCR, G proteins and ligands. Gether and B.IC 
Kobilka (1 998). In this proposal, the unliganded GPCR may find itself in a unique 
state, R, that can undergo transition to at least two other equilibrium states: R*, an 
active state which is stabilized by agonists, and R°, an inactive state which is 
stabilized by inverse agonists. The active state is the form that is capable of 
stimulating heterotrimeric G proteins and subsequent effector enzyme activity. 
GPCRs in the R state find themselves in equilibrium between other states and 
therefore may undergo spontaneous transition to either R* or R** states in the absence 
of ligand. 
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Experimental analysis of OPCR activation has led to the discoveiy of 
constitutively active GPCR mutants (CAMs). The CAM GPCRs have elevated 
intrinsic activity compared to wild type receptors consistent with a shift in the R to R* 
cquiUbrimn towards R*. resulting in a CAM GPCR that is far more active in the 
absence of agonist than wild type. This peimits the CAM GPCRs to interact with and 
activate intracellular heterotrimeric G proteins in an agonist-independent manner. 
Effector en^es activated downstream can be used as an indirect measure of the 
intrinsic activity of the GPCR. In this way, the CAM GPCRs may be shown to be 
functional without resort to activation using cognate agonists. Due to the equilibrium 
nature of the R* state of the CAM GPCRs. inverse agonists are capable of reversing 
the activation and stabilizing the R" state, eflFectively inactivating the CAM GPCR. 
Neutral antagonists, drugs that block the binding of agonists and invense agonists 
without affecting the level of constitutive activity of GPCR, have no effect on the 
activation state of the receptor. 

Several distinct domains of GPCRs play a role in tiie activation process. U. 
Gether andB.K. Kobilka (1998). Of particular interest are tiie domains proximal to 
and within die second and tiiird intracellular loops of the GPCR. Proximal to tiie 
second intracellular loop and located at flie cytoplasmic side of transmembrane 
domain 3 (TMD3) is the DRY motif, which is highly conserved in tiie riiodopsin 
GPCR family. Protonation of the acidic aspartate residue is tiiought to result in 
receptor activation. Indeed, mutation of tiiis residue in Uie alpha I a adrenergic 
receptor causes tiie receptor to become constitutively active. A. Scheer and S. 
Cotecchia (1997). The greatest degree of constitutive activation is correlated witii tiie 
hydrophobicity of tiie amino acid tiiat replaces tiie Asp residue. Thus, replacement of 
tiie Asp residue with hydrophobic He, Leu, Met, or Val residues by site-directed 
mutagenesis produces a CAM alpha la adrenergic receptor. 

The tiiird intracellular loop also plays a role in GPCR activation. UJkowitz et 
at. (1 993). Mutations in tiie C-termtnal portion of tiiis domain have tiie effect of 
producing CAMS. Site-directed mutations in botii die alphala adrenergic receptor and 
alpha2a adrenergic receptor in die tiiird intracellular loop have tiie effect of producing 
constitutive activity, perhaps due to release of constraints on activation tiiat are 
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maintained in this domain. Accordingly, this invention encompasses GPCRs that 
have been modified to produce constitutive activity. Preferred modifications are made 
to the DRY box or the third intraceUular loop of the GPCR and result in a 
consdtudvely active receptor. 

The membrane planning helices also play a crucial role in ligand binding and 
activation of GPCRs. The role of these domains in receptor activation is indicated by 
the presence of constitutively activating mutations in the transmembrane helices. P. 
Pauwels and T, Wurch (1998), Indeed, mutations that constitutively activate receptors 
have been found in 6 of 7 transmembrane helices. 

Within the third transmembrane helix, a critical aspartic acid residue is known 
to be involved in binding of biogenic amine ligands and some peptides to their 
cognate GPCRs, A salt bridge between this aspartic acid residue and a lysine residue 
in transmembrane helix 7 restrains the activity of the al-adrenergic receptor. Porter 
et al. (1998). Mutations that interfere in the formation of this salt bridge produce 
constitutive activation. Interestingly, tricthylamine will act like a partial agonist, 
mterfering in the formation of the restraining salt bridge. Such a mechanism may be 
useful for activating any GPCR that possesses a critical a^artic acid residue m its 
tiiird transmembrane domain. 

Additional amino acid residues withm the third transmembrane domain may 
be mutated to cause constittitive activity. Using a yeast-based genetic screen, 
mutations in two conserved amino acids in the tiiird transmembrane helix of die C5a 
recq)tor cause constitutive activity. Baranski et al, (1999). The mutations exchanged 
the hydrophobic amino acids residues for tiiose with hydrophilic character (1124 N, 
L127Q). Since hydrophobic character is conserved in similar positions in most 
GPCRs, modification of tiiese residues to tiiose with hydrophilic properties may be a 
generalized method for activating GPCRs. 

Mutations m tiie sixth transmembrane domain have also been demonstrated to 
cause constitutive activity. In die m5 muscarinic acetylcholine receptor, systematic 
mutagenesis of the sixth transmembrane domain has revealed a hot spot for 
constitutive mutations. Spalding etal, (1998). A cluster ofamino acid residues tiiat 
line one face of the sixth transmembrane domain appear to be involved in the 
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foimation of a ligand-dependent switch mvolved in GPCR activatioa Identification 
of this hot spot suggests that mutagenesis of other receptors in the sixth 
transmembrane domain may lead to generalized method for activating GPCRs. 
In addition, mutations in receptors that affect ubiquitin-mediated or ubiquitm- 
independent degradation would be desirable for increasing signaling. Mote 
specifically, mutations analogous to those in STE2 or STE3 which alter PEST 
degradation signals would be most usefiil. 

Modified Host Celb 

This invention also encompasses modifications to a host cell by mutation of 
host cell genes or manipulation of tiie host cell environment in such a way as to allow 
G protein-coupled receptors to be expressed more cfBciently. Examples of suitable 
host cells include yeast cells, mammalian cells, insect cells, and bacterial cells. 

Since the pioneering work of MS Brown andJ,L Goldstein (1976), it has 
been thought tfiat tiie characteristics of membranes can affect endocytosis, 
internalization, of a variety of receptors. Mutations such as those described by M.S, 
Brown andlL Goldstein (1976) mdK Tomita et al. (1985), or treatments such as 
those described by A. Grider et al (1996), that affect tiie ratio or nature of sterols in 
die membrane can alter endocytosis efficiency. Sterol depletion can also affect virus 
entry into die cells. M.T Marquardt and M, Kielian (1996). Cholesterol m 
mammalian membranes can modulate die fimction of G-protein coupled receptors by 
at least two mechanisms: changes in membrane fluidity and/or specific receptor-sterol 
interactions. G. Gimpl et al (1997), More specifically, it is known fliat receptor- 
mediated endocytosis is a major mechanism for recycling of G protein-coupled 
receptors, leading to desensitization to the continued presence of ligand. In the yeast 
Saccharomyces cerevisiae, mutations in die erg6 gene, which alter flie nature of 
membrane sterols, suppress defects in endoplasmic reticulum-golgi sorting. KG, 
Hardwick andH.HB. Pelham (1994). Finally, yeast sterol mutants are reported to be 
defective in endocytosis and mating efficiency. H. Rieznum et al. (1997); IL Gaber et 
al. (1989). 
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Changes in die ratio or nature of sterols in host cell membranes may be 
affected in several ways and arc within the scope of the invention. As noted above, 
one such mechanism to affect this change in sterol ratio is by mutation of host cell 
genes. Alternatively, changes in the environment may also alter the nature of ratio of 
sterol in the plasma membrane to permit the G protein-coupled receptors to be 
expressed more efficiently and are encompassed within the ambit of this invention. 

In addition to altering cell ^erols by the erg6 deletion method, other examples 
of suitable host cell modifications include, but are not limited to: (1) using other sterol 
yeast mutants, such as erg2, erg3, erg4, and ergS, resulting in cells with different 
sterol alterations that can affect GPCR signaling; and (2) using a mutant of yeast, 
allowing the cells to grow in the presence of exogenously added sterols. Specifically, 
alterations in tiie SUTl, PDX3, UPCl, or (UPC2 (UPC20) genes wiU provide useful 
mutants that allow the host cells to grow m the presence of exogenously added sterols. 
In addition, any heme Qiem) mutant can be used, particularly heml and hem3 mutants 
will allow the host ceUs to grow in the presence of exogenously added sterols. 
SuiUble exogenously added sterols include, but are not limited to, cholesterol, and are 
added to the medium in which the cells are growing. The cells incorporate such 
sterols into their membranes and in the same manner as described in the examples 
below, heterologously expressed GPCR signal transduction is assayed in these cells. 

In addition to modification of host cell sterols, other examples of 
modifications to host cells according to this invention mclude mutations in host cell 
genes encoding the heterotrimeric G protein that improve coupling with heterologous 
GPCRs; mutation of genes encoding regulatory receptor protein kinases, mcluding G 
protein-coupled receptor kinases, protem kmase A. protein kinase C and/or casein 
kinases, that cause a reduction in receptor phosphorylation; and mutations in genes 
encoding components of the endocytic and/or degradative pathways including 
ubiquitin mediated pathways that reduce receptor sequestration/internalization and/or 
degradation. More specifically, conditional, or gain-of-fimction, or loss-of-function 
mutations in many genes can lead to increased signaling through tiie phwomone 
pathway. Such mutations affect endocytosis either directly or indirectly by affecting 
sorting of endosomic vesicles that may contain recycling receptors. The genes that 
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would be most useful in this regard include, but are not limited to: ASG7, DNMI, 
STE5. CDC30. DPMI. GASl. SSOl, SS02. SEC9. SR07. RH03, GCSI. GL03. 
GLL4. AKRl YCKl. YCK2, ENDS. UDll SCD5. END4. ENDS. VPS23(^STP22). 
SNF7, SNF8, VPS2. VPS28. VPSL VPS8. VPS27. VPS36 and KAPI04. 

Chimeric G Alpha Proteins 

This mvention also encompasses chimeric G alpha proteins that improve the 
coupling efficiency between G proteins and G protein-coupled receptors and, 
therefore, can be used to enhance the functional expression of G protein-coupled 
receptors in a host cell. In a preferred embodiment, the chimeric G alpha protein is a 
yeast-mammalian G alpha protein encoded by a modified GPAl allele. 

The types of G proteins to which a GPCR couples determines the effector 
output in response to agonist activation. Present methods for determination of the G 
protein coupling specificity of GPCRs are laborious and time-consuming since they 
require construction of multiple mammalian cell lines and assays of several effector 
protein activities. The present invention simplifies and accelerates the process of 
determining GPCR/G protem coupling specificity by using host cells that express a 
single chimeric G alpha protem. These host cells can be constructed by integrative 
replacement of a chromosomal locus, such as the GPAI locus in yeast, which encodes 
a G alpha protein. The object of the integrative replacement is to create a chuneric 
gene that encodes a G alpha protein in which the endogenous amino-terminal CPy 
and effector molecule interaction domain is fused to a carboxy tmninal GPCR 
interaction domain encoded by DNA sequences from a mammalian G alpha subunit 
gene. 

In yeast, the chimeric genes are preferably integrated into the CPA J locus. 
Steady-state GPAl mRNA and protein levels are determined by the degree of 
activation of the mating signal transduction pathway. GF. Sprague et al. (1992), C 
Dienel et al, (1997), L Mfyajima et al (1987), M Nakafaku et al (1987). In the 
absence of pheromone activation, the GPAl allele maintains a low basal level of 
expression. Upon activation of the pathway, GPAl mRNA and protein levels increase 
several fold leading to an immediate increase in sensitivity of the response. Further 
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incrcases in Gpal levels in excess of that necessary to interact with the GPy subimits 
of the heterotrimeiic complex, lead to down-regulation of the pathway. Thus» 
appropriate regulation of Gpal levels during the course of the mating response is 
important to determining the sensitivity and duration of the response. 

The chuneric GPAl genes according to the present invention may contain a 
sequence that codes for the amino terminal CPy And effector molecule domain of 
GPAL which is fused to another sequence encoding the carboxy-termini from a 
mammalian G protein alpha subunit, mcluding but not limited to God2» Gai3, Goco, 
Gas, Gocq, Gaz, Gal 1, Gal2, Gal3, Gal4, Gal5, and Gal6. Alternatively, the 
sequence encoding the 5 carboxy-terminal amino acids may be replaced with an 
equivalent coding sequence from a mammalian G protein alpha subunit, including but 
not limited to Gai2, Gai3, Goo, Gas, Gaq, Gal 1, Gaz, Gal2, Gal3, Gal4» GaI5, 
and Gal 6. 

Chimeric G alpha proteins can be used to analyze the G protein coupling 
specificity of different GPCRs» including but not limited to the rat somatostatin 
SSTR2, rat adenosine A2a, rat muscarinic acetylcholine M2 and M3, D. melanogaster 
muscarinic acetylcholine Ml, rat neurotensin NT-U human vasopressin V2, rat 
cholecystokinin CCK-A and CCK-D, human gonadotropin releasing hormone GnRH, 
human melanocortin MCR4, human adrenergic a2A, Aplysia californica octopamine 
OAl, human bombesin receptor related sequence 3 (BRS3), human histamine H3, and 
human p2-adrenergic recepton. For example, yeast cells containing the chimeric 
GPAl genes discussed above can be transformed with plasmids conferring expression 
of a heterologous GPCR. The activities of cognate GPCR agonists can then be 
detected through dose-dependent induction of a pheromone-responsive HISS reporter 
gene. Thus, host cells that express a chimeric G alpha protein provide a generally 
useful means of characterizing the G protein-coupling selectivity of G protein coupled 
receptors. 

Representative embodiments of the invention are described in more detail in 
the following examples. 
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Example 1. Fimctional Expression of A Mutated Rat M3 Muscarinie 
Acetylcholine Receptor (MAR) in Yeast 

The third intracellular loops of GPCRs are thought to interact with and 

participate in the activation of G proteins upon agonist binding. J, W^ss (1997). 

Mutations in IC3 of the yeast mating pheromone receptors, Ste2 and Ste3 have 

profound effects on coupling the G proteins. C Boone et aJ. (1993) and C. Clark et 

al (1994), Importantly, deletion of a portion of the IC3 of mammaUan MARs, in 

particular the rat M3 MAR, is correlated with improved fimctional expression in 

mammalian cells with retention of full ability to couple to the heterotrimeric G 

protein, Gq (GaPy). The mutated M3 MAR retains all external loops. 

Transmembrane domains (TMDs) and internal domains other than the IC3 are 

unchanged. The 1C3, found between 5th and 6th membrane spanning helices, was the 

only domain modified. The bulk of this domain, 96 amino acids in the center of the 

IC3 (Ala273-Lys469), were deleted, leaving only 22 amino acids proximal to both the 

5th and 6th transmembrane helices. Thus, the third intracellular loop of the MAR 

containing the 1C3 deletion (IC3 A) is 44 amino acids in length, compared to 240 

amino acids in the IC3 of wild type M3 MAR. The unprovcment in fimctional 

expression may due to elimination of domains known to interact with cellular 

desensitization mechanisms, allowing more fimctional MAR to be retained at the cell 

sur&ce. 

In order to test die possibility that this IC3 A mutation would also improve 
fimctional expression in yeast, the DNA sequences encoding the wild type and IC3A 
rat M3 MARs were cloned into proximity to the glycerol-phosphate dehydrogenase 
promoter in the yeast expression plasmid, p426GPD, by standard methods. Rat M3 
MAR sequences were amplified by PGR using oligonucleotides containing 5' BglU 
(AAAAGATCT AAA ATG TAG CCC TAG GAG GTC CCC) (SEQ ID NO: 1) and 
3* Xhol (AAA CTCGAG CTA CAA GGC CTG CTC CGG CAC TCG C) (SEQ ID 
NO: 2) sites. The resulting PGR product was digested with the appropriate restriction 
endonucleases, purified and ligated into appropriate sites in p426GPD. To form the rat 
M3 IC3A, three M3 MAR fiagments were amplified by PGR. An amino-terminal 
coding firagment was amplified using oligonucleotides containing 5' Bglll 
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(AAAAGATCTAAAATGTACCCCTACGACGTCCCC)(SEQIDNO: l)and 
3' Agel (ATAGTCATGATGGTG ACCGGT ATGTAAAAGGCAGCGATC) (SEQ 
ID NO: 3) sites. A carboxy-tenninal coding fiagment was amplified using 
oligonucleotides containing 5* PnAl (GCCTTCATCAT CACGTG 
GACCCCCTACACC) (SEQ ID NO: 4) and 3' Xhol (AAA CTCGAG CTA CAA 
GGC CTG CTC CGG CAC TCG C) (SEQ ID NO: 2) sites. An IC3 coding fragment 
was amplified using oligonucleotides containing S' Agel 

(CGATCGCTGCCTTTTACTT ACCGGT CACCATCATGACTAT) (SEQ ID NO: 

5) and 3* Pmll (GTTGTAGGGGGTC CACGTG ATGATGAAGGC) (SEQ ID NO: 

6) sites using the M3 IC3 A sequence. J, Wess (1997), The resulting PGR products 
were digested with the appropriate restriction endonucleascs, purified and ligatcd into 
appropriate sites in p426GPD. Plasmids were confirmed by restriction endonuclease 
mapping and DNA sequencing. Using a conventional litiiium acetate transfonnation 
procedure, the resulting plasmids were introduced into yeast cells usefiil for 
performing assays of GPCR agonist-stimulated growth, such as those described in 
United States Patent 5,691 »1 88, incorporated herein by reference, includbg, 
specifically, tiie MPY578fc cells described in Pausch et aL (1998) and Table 3 of 
Example 9. 

Yeast cells containing the MARs were assayed in liquid culture using the 
MAR agonist carbachol (CCh). The cells were cultured overnight in 2 ml SC- 
glucose-ura medium. The cells were diluted 500 fold in SC-glucose-ura-his, pH 6.8 
medium containing 5 mM 3-aminotria2ole to decrease basal growth rate. Samples of 
the cell suspension (180 were dispensed to wells of sterile 96 well microtiter 
dishes containing 20 \i\ of serially-diluted samples (10'*.10 ' M) of the muscarinic 
receptor agonists. The plates were incubated at 30'C for 1 8 hours with agitation (600 
rpm). Growth was monitored by recording increases in OD520 using a micropiate 
reader. Assays were conducted in duplicate and growth rate measurements obtained 
during the logarithmic phase of yeast cell growth. Optical density measurements were 
analyzed using GraphPad Prism and are presented as the mean ± SEM and were 
plotted vs. agonist concentration. As shown in Figure 1, the yeast cells containing the 
M3 MAR IC3 A produced an agonist-dependent growth response, demonstrating that 
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the M3 MAR IC3 A is functional, vAule the wild type MAR is non-functional, as 
indicated by the lack of agonist-dependent yeast cell growth. The growth response of 
the M3 MAR IC3 A containing ceils was dose-dependent giving an EC50 for carbachol 
(CCh) equal to 3 ^M. This value matches the Ko for CCh obtained in HEK cells 
(7.9 nM) and the EC50 for CCh induced IP, (inositol triphosphate) accumulation (4.0 
pM), suggesting that the M3 MAR IC3A retains the expected phannacological 
properties when expressed m yeast cell membranes. Further, the growth response is 
blocked by the MAR-specific antagonist, atropine (At). 

Alternatively, the response to CCh by yeast cells containing the M3 MAR 
IC3 A may be observed by measuring the agonist-induced mcrease in fluorescent 
emission from a green fluorescent protein reporter gene whose expression is 
stimulated by MAR agonists. Green fluorescent protein (GFP) is a protein from 
Aequorea that is intrinsically fluorescent v**ien expressed in yeast cells. The 
fluorescence from GFP is detectable in live yeast calls, making it possible to measure 
the level of its expression without any deleterious treatment of the yeast cells. This 
feature is particularly advantageous in the reporter gene assays that do not require 
additional steps to permit its detection. An inducible reporter gene that is useful in 
detecting the agonist-activation of heterologous GPCRs expressed in yeast utilizes 
transcriptional promoters that are activated by the mating signal transduction pathway. 
One such promoter is the FUS2 promoter. In die absence of agonist stimulation, litde 
or no expression of the Fus2 protein or any other protein whose expression is directed 
by the FUS2 promoter is detectable. After treatment with agom'st, transcription from 
the FUS2 promoter is induced up to 700 fold, leadmg to substantial increases in Fus2 
expression or in the expression of any gene product whose expression is placed under 
control of the FUS2 promoter. Thus, yeast cell fluorescence resulting from GFP 
expression under the control of the FUS2 promoter from a FUS2'GFP reporter gene 
is only observed after agonist activation of a heterologous GPCR. 

In order to produce a GFP reporter gene, DNA sequences encoding the 
enhanced GFP (EGFP, Clonetech), FUS2 promoter and FUS2 transcriptional 
tenninator sequences were amplified by PGR. The fragments were assembled into the 
centromere containing plasmid pRS414 so as to place EGFP expression under control 
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of the pheiomone responsive FUS2 promoter in the centromere containing plasmid 
pRS414, producing plasmidpMP241. Using a conventional lithium acetate 
transformation procedure, the resulting plasmids were mtroduced into yeast cells of 
the kind described in United States Patent 5.691,188, that are usefiJ for performing 
assays of GPCR agonist-stimulated growth of cells contaming the M3 MAR IC3A. 

Yeast cells containmg the MS MAR IC3 A and the FKS2-EGFP reporter 
plasmid were assayed in liquid culture using the MAR agonist carbachol (CCh). The 
cells were cultured overnight in 2 ml SC-glucose-ura medium. The cells were washed 
and diluted 5 fold in SC-glucose-ura-his, pH 6.8 medium containing 5 mM 3- 
aminotriazole to decrease basal growth rate. Samples of the cell suspension (1 80 ^I) 
were di^nsed to wells of sterile 96 well microliter dishes containmg 20 ^1 of 
serially-diluted samples (10*'-10-* M) of CCh. The plates were incubated at 30*^C for 
6 hours with agitation (600 ipm). Stimulation of the FUS2'EG¥P reporter gene 
expression was monitored by recording increases in emission at 530 nm after 
excitation with 480 nm light using a fluorescence microplate reader. Assays were 
conducted in duplicate and measurements obtained during the logarithmic phase of 
yeast cell growth. Fluorescence emission measurements were analyzed usmg 
GraphPad Prism and were presented as the mean ± SEM and were plotted vs. agonist 
concentration. As shown in Figure IB, the yeast cells containing the M3 MAR IC3A 
produced a dose dependent increase in fluorescence emission, consistent with 
increased expression of tiie EGFP from the agonist inducible FUS2-GFP reporter gene 
construct. The EC50 for CCh stimulation of fluorescence emission is 4 pM, identical 
to values obtained in the growth assay. 

Thus, deletion of a portion of the IC3 of the rat M3 MAR has produced a 
functional GPCR when expressed in yeast, suggesting tiiat modification of internal 
domains may be a generalizable mediod for improving the function of heterologous 
GPCRs expressed in yeast 
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Example 2. Functional Expression of a Mutated D. melanogasier Muscarinic 
Acetylcholine Receptor In Yeast 

Agonist of the G protem-coiq)led insect muscarinic acetylcholine receptors 
(MARs) possess substantial insecticidal and miticidal activity. M.IL Dick et al 
(1997). These observations suggest that development of a yeast-based high 
throughput screen (HTS) for agonists active at insect MARs may be useful in 
identifying lead compounds that might be developed into insecticides with novel 
mode of action. Preliminary experiments indicate that the wild type Z). melanogaster 
MAR (DMAR), an insect G protein-coupled receptors (GPCRs), is non-fiinctional in 
yeast. Thus, an effort to develop a method for improving the function of tiie DMAR 
in yeast was mounted, via replacement of tiie DMAR IC3 with the functional IC3 
from the M3 MARIC3A. 

In insect cells, tiie DMAR interacts with tiie hetcrotrimeric Gq protein leading 
to an increase in intracellular calcium in reqwnse to muscarinic agonists. One 
potential explanation for tiie inactivity of the DMAR in yeast is an inability to 
efficiently couple to die yeast hetcrotrimeric G protein. Thus, to devise a metiiod to 
improve tiie DMAR function in yeast, selected mutations in tiic GPCRs fliat serve to 
improve functional expression and coupling to tiie hcterotrimeric G protein were 
examined. 

In order to construct die IC3 replacement, PGR fragments encoding tfiree 
domains were prepared by standard means. Fragment 1 consisted of tiie amino 
terminal coding portion of tiie Drosophila MAR up to an Age\ site witiiin the 5tii 
TMD, amplified by PGR using oligonucleotides (AAA AGATCT AAA ATG 
TACGGAAACCAGACGAAC) (SEQ ID NO: 7) and (CCA GTA GAG GAA 
GCACATGATGGTC AGGCCT AAG TAG AAG GCG GCC AGT GC) (SEQ ID 
NO: 8). The second fragment of tiie DMAR was composed of caiboxy terminal 
coding sequences starting wifli a PmW site in tiie 6tii TMD, amplified by PCR using 
oUgonucIeotides (TTCATCATCACGTGGACTCCGTACAACATC) (SEQ ID NO: 9) 
and (AAA CTCGAG TTATCTAATTGTAGACGCGGC) (SEQ ID NO: 10). The M3 
MAR IC3 A domain was amplified as an AgeVPmVL fragment witii coding sequence in 
frame witii fragments 1 and 2, described in Example 1. Hiese fragments were 
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assembled in plasmid p426GPD to place the mutated DMAR under control of the 
GPD promoter. The wUd type DMAR was cloned into the expression vector, pMP3. 
described in United States Patent 5.691,188. Using a conventional Uthhim acetate 
traosfonnation procedure, the resulting plasmids were mtroduced into yeast cells of 
the kind described in United States Patent 5,691,188 that are useful for performing 
assays of GPCR agonist-stimulated growth, including, specifically, the MPY578fc 
cells described in Patuch et aL (1998) and Table 3 of Example 9. 

Yeast cells containing the DMAR and the plasmid containing the wild type 
DMAR were assayed in Uquid culture using the MAR agonist carbachol (CCh). TTie 
cells were culnired overnight in 2 ml SC-glucose-uia medimn. The cells were diluted 
500 fold in SC-glucose-ura-his, pH 6.8. medium containing 5 raM S-aminotriazole to 
decrease basal growth rate. Samples of the cell suspension (180 jil) were dispensed to 
wells of sterile 96 well microtiter dishes containing 20 fil of seriaHy-diluted samples 
(1 0-' .lG-» M) of the muscarinic receptor agonists. The plates were incubated at 30T 
for 18 hours with agitation (600 ipm). Growth was monitored by recordmg increases 
in OD620 using a microplate reader. Assays were conducted in duplicate and growth 
rate measurements obtained during the logarithmic phase of yeast cell growth. 
Optical density measurements were analyzed using GraphPad Prism and are presented 
as the mean ± SEM and were plotted vs. agonist concentration. As shown ui Figure 2, 
the yeast ceils containing the mutated DMAR. i.e., the M3 MAR IC3A, produced an 
agonist-dependent growth response, demonstrating that the DMAR-M3 MAR IC3A is 
functional. The wild type DMAR is non-functional, as indicated by the lack of 
agonist-dqjcndent yeast cell growth. 

Example 3. Functional Expression of a Mutated Rat Cholecystokinin CCKB 
Receptor in Yeast 

As shown in Examples 1 and 2, deletion of portion of the IC3 of mammalian 
MARs. m particular the rat M3 MAR, is correlated with improved functional 
expression m mammaUan and yeast cells with retention of fuU ability to couple to the 
heterotrimeric G protein. In order to test the possibility that this 1C3A mutation would 
also unprove functional expression of other GPCRs in yeast, the DNA sequences 
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encoding the rat wUd type aad IC3 A cholccystokinin CCKB receptor were amplified 
by PGR and cloned into proximity to the glycerol-phosphate dehydrogenase promoter 
in yeast expression plasmid, p426GPD, by standard methods. The wild type CCKBR 
was amplified by PGR using oligonucleotides 

(ACTTAGATCAAAAAATOGAOGGCTCAAGCTQAACCG) (SEQ ID NO: 1 1) and 
(TCCCGTCGACTCAGCCAGGGCGGAGTGTGCrcXSEQIDNO: 12). TlieIC3A 
cholecystokinin CGKB receptor was prepared by fusing two overlapping fiagments. 
Fragment 1 contained amino terminal coding sequences including 22 amino acids 
proximal to the 5th TMD. amplified by PGR using oligonucleotides 
(GGCCAGGATCCAAAAATGCGGTCCCTGCAGCCGGACGC) (SEQ ID NO: 13) 
and (CGGGCCCCGCGGGCGGTCGGGGCCCAGACCGTTGGGC) (SEQ ID NO: 
14). Fragment 2 contained carboxy terminal coding sequences including 22 amino 
acids proximal to the 6th TMD. an^ilified by PGR using oligonucleotides 
(CGGGCGACAGCCTGCCGCGGC)(SEQIDNO: 15) and 

(AGCGGTCGACTCACACGATCCGCTTGCTGTCCCG)(SEQIDNO: 16). The 
two fragments were fused by amplification by PGR using oligos at 5' and 3' ends of 
the fiill length CCKB receptor. Usmg a conventional lithium acetate transformation 
procedure, the resulting plasmids were introduced into yeast cells useful for 
performing assays of GPCR agonist-stimulated growth, such as those described in 
United States Patem 5,691,188, including, specifically, the MPY578fc cells described 
in Pattsch et al. (J 998) and Table 3 of Example 9.. 

Yeast strains containing wild type and 1C3A cholecystokinin GGKB receptor 
were grown overnight in 2 ml synthetic complete liquid medium containing glucose 
(2%) and lacking uracil (SCD-ura) medium. In this agar-based plate bioassay, molten 
(50°C) SCD-ura-his agar medium (35 ml, adjusted to pH 6.8 by addition of 
concentrated KOH or NH4OH prior to autoclaving) containing 0.5 mM AT (3- 
aminotriazolc) was inoculated with the overnight culwre (2x10* cells/ml) and poured 
into square (9x9 cm) petri plates. Solutions of CCK agonists in DMSO (1 mM. 10 
fil) were applied to Uie surface of the solidified agar (Upper left: CCK8S: upper right, 
CCK8US; lower left, GCK5; lower right, CCK4). Compounds applied to tije surface 
of the plate difiiised radially fiom the site of application and bound to CGK recqjtors 
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expressed on the surface of cells embedded in the agar, resulting in induction of 
FUSl'HISJ expression. The responding cells formed a dense growth zone readily 
detectable over the limited growth of cells observed in response to basal FUSJ-HISS 
expression. Plates were incubated at 30**C for 3 days (Figure 3). Figure 3A 
demonstrates the robust growth response of yeast cells containing the IC3A 
cholecystokinin CCKB receptor, while Figure 3B shows only limited growth by yeast 
cells containing the wild type CCKB receptor, indicating that the deletion of portion 
of the third intracellular loop of the CCKB receptor improves its function in yeast 

Example 4. Functional Expression of a Mutated Rat Somatostatin Receptor 
(SSTR) in Yeast 

The third mtracellular loop participates in many GPCR functions, including G 
protein coupling, desensitization and interaction with diverse modifying proteins. 
Somatostatin receptors are encoded in five subtypes, labeled SSTRl-5. Several amino 
acids are found in the third intracellular loop of the SSTR3 subtype, but not in the 
equivalent region of SSTR2 subtype. Since SSTR2 functions efFiciently in yeast, 
deletion of those amino acids from IC3 may impart this functional efficiency upon 
SSTR3. Thus, 8 amino acids, Gbi-Tq>-Val-Ghi-Ala-Pro-Ala-Cys (SEQ ID NO: 17), 
were deleted from the third intracellular loop of die rSSTR3 cDNA, enabling more 
efficient receptor signaling in yeast 

Rat SSTR3 sequences were amplified by PCR using oligonucleotides 
containing 5' BgUI and 3' Xhol sites. The resulting PCR product of approximately 1 .3 
kb was digested with Bglll and Xhol, purified and inserted between the BamHI and 
Xhol sites in p426GPD to generate the plasmid p426GPI>rSSTR3. Recombinant 
plasmids were confirmed by restriction endonuclease digestion and DNA sequencing. 

Standard PCR reactions were used to amplify the rSSTR3 cDNA to yield two 
PCR fiagmcnts that have 36 bp overlap as follows. PCR insert A of approximate size 
750 bp was generated using the 5' Bg\ oligonucleotide (AAAAAGATCT 
AAAATGGCCA CTGTTACCTA 1) (SEQ ID NO: 18) and the 3' oligonucleotide 
CTCAGAGCGG CGTCGCCGCT GACACGAGGG CGCCCG (SEQ ID NO: 19). 
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PCR insert B of q>proximate size 530 bp was generated using the 5* oligonucleotide 
GCGCCCTCGT GTCAGCGGCG ACGCCGCTCT GAG 

(SEQ ID NO: 20) and the yXhol oligonucleotide (AAAACTCGAG TTACAGATGG 
CTCAGTGTGC T) (SEQ ID NO: 21). PGR fiagments A and B were gel purified, 
annealed and amplified by PGR using the flanking S* ^;1II and 3' Xhol 
oligonucleotides to yield the approximately 1,3 kb rSSTR3AIC3 PGR product. 
Following purification and digestion with B^H-XhoI, the rSST3 AIC3 insert was 
ligated into BawHI-ATwI sites of p426GPD to generate the plasmid p426GPD. 
rSSTR3AIC3. Restriction mapping and DNA sequencing confirmed correct reading 
fiiame and sequence. 

Yeast cells of the type usefiil for expression of GPCRs, described in United 
States Patent 5.691,188, specifically, the MPY578fc cells described in Pausch et al. 
(1998) and Table 3 of Example 9, were transformed widi p426GPD-rSSTR3 and 
p426GPD-iSSTR3AIC3, using standard procedures. The cells were assayed using the 
agar-bascd bioassay foimat described in Example 3. Samples (10 \k\) of Somatostatin 
(S-14, ImM) were ^plied to the surface of the selective agar medium containing the 
yeast cells expressing the SSTR3. The plates were incubated for 3 days at 30*^0. 
Yeast cells transformed with p426GPD-rSSTR3 along with pLP82 (containing a 
Gpal/Gai2 chimeric G-protein expression plasmid) showed a weak growth response to 
S-14 (Figure 4A), whereas a much stronger response was observed when p426GPD- 
rSSTR3AIC3 was assayed under similar conditions (Figure 4B). These results 
indicate that deletion of a portion of die IC3 improves the fimction of the SSTR3 in 
yeast 

Example 5* An IC3 deleted Human AIphalA Adrenergic Receptor and 

Constitutively Active Mutant Thereof Functionally Expressed in 
Yeast 

As shown in Examples 1-4. deletion of portion of the IC3 of mammalian 
GPCRs is correlated with improved functional expression in mammalian and yeast 
cells witii retention of full ability to couple to the heterotrimeric G protein. The 
mutated MARs, CCKBR, and SSTR3 retain all external loops. Transmembrane 
domains and internal domains other than the IC3 are unchanged. The IC3, found 
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between 5th and 6th membrane spanning heUces, was the only domain modified. The 
bulk of this domain was deleted leaving only 22 amino adds proximal to both flie 5th 
and 6tfa transmembrane heUces. Thus, IC3 of the GPCRs containing the IC3 deletion 
aC3 A ) is 44 ammo acids in length. The improvement in functional expression may 
be due to elimination of domams known to interact with cellular desensitization 
mechanisms, allowing more functional MAR to be retained at the ceU surface. 

In order to test the possibiUty that other 1C3 A mutations would also improve 
funcUonal expression of other GPCRs in yeast, DNA sequences encoding an IC3A 
human alpha2A adrenergic receptor were amplified by PCR and cloned into proximity 
to the glyccrol-phosphate dehydrogenase promoter in yeast expression plasmid, 
P426GPD. by standard methods. The IC3 A human alpha2A adrenergic receptor was 
prepared by fusing two overlapping ftagments. Fragment 1 contained amino terminal 
coding sequences including 39 amino acids proximal to the 5th TMD, amplified by 
PCR using oligonucleotides 

(GGCCAGGATCCAAAAATGGGCTCCCTGCAGCCGGACGC) (SEQ ID NO: 13) 
and (CGGGCCCCGCGGGCGCTCGGGGCCCAGACCGTTGGGC) (SEQ ID NO: 
14). Fragment 2 contained carboxy terminal coding sequences including 41 amino 
acids proximal to the 6th TMD, amplified by PCR usmg oUgomicleotides 
(CGGGCGACAGCCTGCCGCGGC) (SEQ ID NO: 15) and 

(AGCGGTCGACTCACACGATCCGCTTCCTGTCCCC)(SEQIDNO: 16). TTie 
two ftagments were fused by amplification by PCR using oligos at 5' and 3' ends of 
the fiill lengtfi a]pha2A adrenergic receptor. Using a conventional lithium acetate 
transformation procedure, the resulting plasmids were introduced into yeast cells 
usefij for performing assays of GPCR agonist-stimulated growth, such as those 
described in United States Patent 5,691.188, specificaUy, the MPY578fc cells 
described in Pausch et al. (1998) and Table 3 of Example 9. 

In order to test the abiUty of constitutively active GPCRs to induce a yeast 
growth response in the absence of cognate agonist, a similar construct was prepared 
fiom a constinaively active mutant (CAM) human alpha2A adrenergic receptor. The 
CAM receptor contains a point mutation that changes threonine residue 373 to lysine 
(T373K), rendering the receptor highly active in the absence of agonist while retaining 



wo 00/12704 



PCT/US99y20Dll 



•29- 

considerable agonist-inducible activity. The CAM IC3 A human alpha2A adieneigic 
receptor was prepared by fusing two overlapping fragments. Fragment 1 contained 
amino terminal coding sequences including 38 amino acids proximal to the 5th TMD. 
Fragment 2 contained carboxy terminal coding sequences including 33 amino acids 
proximal to the 6th TMD. The two fragments were fused by amplification by PGR 
using oligos at 5' and 3' ends of the full length alphaZA adrenergic receptor. Using a 
conventional lithium acetate transformation procedure, the resulting plasmids were 
introduced into yeast cells useful for performing assays of GPCR agonist-stimulated 
growth, such as those described in United States Patent 5.691,188, specifically, the 
MPY578fc ceUs described in Pausch et ed. (1998) and Table 3 of Example 9. 

Yeast cells containing the wild type IC3A and CAM IC3 A human alpha2A 
adrenergic receptor were assayed in liquid culture usiiig the alpha adrenergic receptor 
full agonist UK14304 (RBI) and partial agonist clonidine. Tlie ceUs were cultured 
overnight in 2 ml SC-glucose-ura medium. The cells were diluted 500 fold in SC- 
glucose-ura-his, pH 6.8 medium. Samples of the cell suspension (180 yA) were 
dispensed to wells of sterile 96 well microliter dishes containing 20 (il of serially- 
diluted samples of the adrenergic receptor agonist, UK14304 (W - lO"'" M) and 
partial agonist clonidine (lO'' - 10* M). The plates were incubated at 30»C for 18 
hours with agitation (600 rpm). Growth was monitored by recording increases in 
OD620 using a raicroplate reader. Assays were conducted m duplicate and growth 
rate measurements obtained during the logarithmic phase of yeast cell growth. 
Optical density measurements were analyzed using GraphPad Prism and are presented 
as die mean ± SEM and were plotted vs. agonist concentration. 

TTie yeast cells containing die wild type IC3 A and CAM IC3A human alpha 
2A adrenergic receptor produced a dose-dependent growth response, indicating that 
this IC3 deletion is functional (Figure 5). Interestingly, at UK14304 levels too lowto 
produce an agonist-dependent growth response, the basal growth rate of the CAM 
receptor-containing cells is greater than that of the cells containing the wild type 
receptor, indicating that the CAM receptor is more active in the absence of agonist. In 
Figure 6. in die presence of 5mM AT, a concentration sufficiem to eliminate the basal 
growth of both the wild type IC3 A and CAM mutant-containing cells, yet permitting a 
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UK14304 inducible growth response (Figure 6A), only the CAM IC3A human 
alpha2A adrenergic receptor is able to produce a growdi response to the partial agonist 
clonidinc (Figure 6B), consistent with elevated activity of the CAM receptor. For 
both UK14304 and clonidine, the EDSOs are shifted to lower agonist concentrations in 
the CAM receptor containing strains, consistent with the expected activity of a CAM 
human alpha2A adrenergic receptor. The growth responses were reversed by the 
adrenergic antagonist yohimbine. 

The IC3 A a2A adrenergic receptor was found to be functional, indicating that 
modification of the third intracellular loop in the manner described results in a 
functional GPCR. The CAM version of the IC3A a2A adrenergic receptor possessed 
the capacity to induce yeast cell growth independent of applied agonist, suggesting 
that the constitutive activity of any CAM GPCR may be measured simply by 
assessing the level of yeast cell growth that occurs in the absence of agonist Hiis 
effect of CAMs in GPCRs may be particularly useful in the testing of orphan GPCRs, 
for which no cognate agonist is known. Thus, an orphan GPCR may be mutated in its 
third intracellular loop to make it a CAM GPCR and tested for its ability to stimulate 
a yeast growth response in the absence of agonist. If the CAM orphan GPCR is 
capable of stimulating a yeast cell growth response, then it must be functional and 
therefore suitable for inclusion in a drug screening assay. 

Example 6. Expression of a CAM M3 Muscarinic Acetykholine Receptor 
(M3 MAR) in Yeast 

In Example 5, a CAMa2A adrenergic receptor was shown to be able to 

stimulate a yeast cell growth response in the absence of added agonist. The CAM was 

in the third intracellular loop, a domain known to be mvolved in both activation of 

GPCRs and in interaction with O proteins. The second intracellular loop and regions 

proximal to it is also known to be mvolved m GPCR activation. Within this region, a 

conserved tripeptide motif, Asp-Arg-Tyr, known as the DRY box, has been shown to 

be involved m activation of rhodopsin family GPCRs. Site-directed mutants of the 

ol-adrenergic receptor in which the Asp residue was modified to hydrophobic amino 
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acids, incliiding lie, were correlated with high constitutive activity. A CAM MS- 
MAR produced by mutation of a site in sixth transmembrane domain proximal the 
carboxy terminus of the third intracellular loop was evaluated in mflmmaij^n cell 
culture. Spauldin et al (1995). The elevated basal signaling due to the CAM was 
reversed by a variety of inverse agonists, including atropme, confirming the increased 
intrinsic activity of the CAM M5-MAR, 

In order to test the effect of a DRY box mutation in a GPCR of known 
function, the rat M3 MAR was modified to replace the Asp residue m the DRY box 
with an He residue. The rat M3-MAR yeast expression plasmid described in Example 
1 was used as template for the D (Asp) to I (lie) change in the DRY box, which was 
accomplished by site-directed mutagenesis using a Stratagene QuikChange kit 
according to manufacturers instructions. Yeast cells competent to functionally 
express GPCRs of the kind described in United States Patent 5,691,188, specificaUy, 
the MPY578fc cells described in Pausch et aL (1998) and Table 3 of Example 9, were 
transfonned with the modified M3 MAR expression plasmid using a conventional 
lithium acetate procedure. 

The growth responses of yeast cells containing the DRY box mutated M3- 
MAR expression plasmid were compared to those contaming the unmodified MS- 
MAR in the agar-based bioassay format. Yeast cells were cultured overnight in 2 ml 
synthetic complete liquid medium containing glucose (2%) and lacking uracil (SCD- 
ura) medium. In this agar-based plate bioassay, molten (50**C) SCD-ura-his agar 
medium (35 ml, adjusted to pH 6.8 by addition of concentrated KOH prior to 
autoclaving) containing 0.5 mM AT was inoculated with the overnight culture (2x10* 
cells/ml) and poured into square (9x9 cm) petri plates. Solutions of the MAR agonist 
carbachol (10 mM, 10 ^il) and the inverse agonist, atropine (1 mM or 10 mM, 10 jil) 
were applied to the surface of the plate. Compounds ^plied to the surface of the plate 
difiused radially from the site of application and bound to MAR receptors expressed 
on the surface of cells embedded in the agar, resulting in either agonist induction of 
FUS1'H1S3 expression or growth inhibition by the inverse agonist. The plates were 
incubated at 30*C for 3 days. 
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Thc CAM M3-MAR promotes aa elevated yeast cell growth rate in the 
absence of agonist vAdch may be observed by comparison of the areas of the plate that 
were not treated with either agonist or antagonist with simiJar portions of the non- 
CAM M3-MAR plate. That the elevated growth response is due to a CAM M3.MAR 
is confinned by the reversal of agonist-independent growth by the inverse agonist, 
atropine (Figure 7A). Atropme had no toxic effect on the growth yeast cells 
expressing the CAM M3-MAR when grown in the presence of histidine. The non- 
CAM M3-MAR retained the ability to be agonist-stunulated, while the CAM M3- 
MAR was no longer responsive to agonist 

These results indicate that introduction of CAMs into the DRY box of GPCRs 
results in a measurable increase in agonist-independent yeast cell growth due to its 
elevated constitutive activity. The increased growth rate indicates the mutated GPCR 
is functionally active in the absence of agonist. This effect of DRY box CAMs in 
GPCRs may be particularly useful in the testing of orphan GPCRs, smcc the DRY box 
is widely conserved and thus, should be present in most orphan receptors. Thus, an 
orphan GPCR may be mutated in its DRY box to make it a CAM GPCR and tested for 
its abUity to stimulate a yeast growth response m the absence of agonist. If the CAM 
orphan GPCR is capable of stimulating a yeast cell growth response, then it must be 
functional and dicrefore suitable for inclusion in a drug screening assay. 

Example 7. Truncation of the Rat Neurotensm NTl Receptor 
Causes an Increase in Agonist Sensitivity 

In examples 1-4, modification of the third mtracellular loop leads to 
hnprovemcnt in functional expression of a variety of heterologous GPCRs expressed 
m yeast. Agonist induced desensitization of the GPCRs is also mediated in part by 
GPCR internal domains other than the third mtracellular loop, such as the intracellular 
caiboxy-terminal talL 

Elimination of the carboxy terminal domains from GPCRs has been shown to 
unprove functional expression in yeast and mammalian cells. Truncation of the 
carboxy terminal tail of the G protein-coupled alpha mating pheromone receptor 
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oqnessed in a-mating type yeast cells causes supersensitivity to the presence of 
mating pheromone (Reneke et al. (1988): Konopka et al (1988)). Consistent with 
these observations, a mutated rat neurotensin NTI receptor (rNTRl) lacking its 
carboxy terminal tail is resistant to agonist-induced internalization when expressed in 
mammalian cells (Hermans et al. (1996)). 

To test whether carboxy-terminal truncation improves the functional response 
of a heterologous GPCR expressed in yeast, the rat NTRl was modified by deleting 
the 52 amino acids that constitute the carboxy terminal tail, leaving a shortened 
receptor 372 amino acids in length. The coding sequences of die wild type and 
truncated neurotensin NTI receptor (iNTRl C-temi A), were amplified by PCR using 
a 5' oligonucleotide primer tiiat specified a common amino-tcrminal coding scquwice 
(AGTCAGATCTAAGCTT AAAA ATG CAC CTC AAC AGC TCC) (SEQ ID NO: 
22) and separate oligos that define tiie wild type (AGTC AGATCT CTA GTA CAG 
GGTCTCCC) (SEQ ID NO: 23) and truncated caiboxy termini (AGAG AGATCT 
TTAGCGCCACCCAGGACAAAGGC) (SEQ ID NO: 24). These fiagments were 
cloned into proxunity of the PGK promoter in the yeast expression vector pPGK by 
standard methods (YS. Kong et al. (1990)). Using a conventional lithium acetate 
transformation procedure, tiie resulting plasmids were introduced into yeast cells of 
tiie kind described in United States Patent 5,691,188, specifically, the MPY578fc cells 
described in Pausch et al. (1998) and Table 3 of Example 9 that are usefiil for 
performing assays of GPCR agonist-stimulated growth. 

Yeast cells containing tiie NTRls were assayed ui liquid culture using the NT 
receptor agonist acetyl neurotensin 8-13 (AcNt8-13). The cells were cultured 
overnight in 2 ml SC-glucose-ura medium. The cells vien diluted 500 fold in SC- 
glucose-ura-his, pH 6.8 medium containing 2 mM 3-aminotriazole to decrease basal 
grovrth rate. Samples of die cell suspension (1 80 (il) were dispensed to wells of 
sterile 96 well microtiter dishes containing 20 ^il of serially-diluted samples (la'-lQ-" 
M) of AcNT8-13. The plates were incubated at 30°C for 18 hours witii agitation (600 
rpm). Growtii was monitored by recording increases in ODjjo using a microplate 
reader. GrowUi rate measurements were obtained during the logarithmic phase of 
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yeast cell growth. Optical density measurements were analyzed using GraphPad 
Prism and are presented as the mean i SEM and were plotted against, agonist 
concentration. As shown in Figure 8, the yeast cells containing the NTRIs produced 
an agonist-dependent growth response demonstrating that both the wildtype and 
carboxy teiminaUy truncated NTRIs were functional. The growth response of the 
iNTRl C-term A containing cells was dose-dependent giving an EC50 for AcNT8-13 
equal to 520 nM. This value is five fold lower than observed for cells expressing the 
wildtype NTRl (2.1 \xM). The carboxy terminal deletion has produced a rNTRl that 
responds to a lower concentration of NTR agonist improving the sensitivity of the 
yeast bioassay. 

Thus, deletion of a portion of the carboxy terminal intracellular domain of the 
rat NTRl has produced a functional GPCR with increased agonist sensitivity when 
expressed in yeast, suggesting that modification of this internal domain is a 
generalizable method for improving the function of heterologous GPCRs expressed in 
yeast. 

Example 8. Production of Yeast Sterol Mutants 

To demonstrate that yeast sterol mutants will mcrcase the efficiency of G 
protein-coupled receptor signaling, heterologous G protein-coupled receptors were 
expressed in erg6 mutants constructed from MPY578fc giving an agonist-dependent 
growth response. (M, Pausch et al (1998)). The strata was constructed by 
transformation of MPY578fc (M. Pausch et al, (1998)) wifli DNA containmg an erg6 
deletion cassette which deletes tiic endogenous ERG6 gene. The cassette is 
constructed by using the following DNA oligonucleotides as primers in a PGR 
reaction: 

y ATGAGTGAAACAGAATTGAGAAAAAGACAGGCCCAATTCACTAG 
GGAGTrACATGGTGATTTGTCACCTTACGTACAATC 3' (SEQ ID NO: 
25) and 



wo 00/12704 



PCTAJS99/20011 



'35- 

y 

TCGTGCGCTrrATTTGAATCTTATTGATCTAOTGAAmA^^ 

GCTTCTTGGGAAGGGCAAGTGCACAAACAATACy (SEQroNO:26). 

This PGR reaction using plasmid pRS404 (Stratagene company) DNA results 
in the synthesis of a DNA fragment containing sequences homologous to the 5' and 3* 
sequences surrounding the ERG6 gene but with the entire TRPl gene intervening and 
replacing ERG6 sequences. The strain that results from the transformation of the 
cassette is named YML103. 

To test the extent of signal transduction of a heterologously expressed GPCR, 
a number of plasmid constructs containing such receptors were transformed into strain 
MPY578fc cells described in Pausch et ai (1998) and Table 3 of Example 9 and into 
strain YML103. GPCR genes, including the human Via and V2 vasopressin 
receptors, the human melanocortin receptor (MC4), the rat somotostatin SSTR2 
receptor, the rat M3 MAR and the rat CCKB receptor, were mserted into plasmid 
p426GPD in the manner described in the preceding examples. The Via and V2 
receptor-transformed strains demonstrate vasopressin-dependent growth responses in 
the erg^-deleted YMLIOS strain. Such a response is not detected in the wild type 
MPY578fc strain (Figure 9A-D). With the rat somotostatin SSTR2 receptor, the rat 
M3 MAR receptor and the rat CCKB recqjtor transformed strains, the signal to noise 
ratio (agonist induced growth compared to the growth in the background of the plate 
where agonist is not present) is mcreased, leading to a clearer signal (Figure 10 A-B). 

Example 9. Functional activity of heterologous GPCRs expressed in yeast 
strains containing chimeric G alpha proteins. 

Yeast cells containing various chimeric G alpha proteins were rendered 
dependent on agonist-stimulated activation of coexpressed heterologous GPCRs and 
downstream elements of the pheromone response pathway for growth on selective 
medium. The technology was exploited to examine aspects of ligand-receptor and 
rcccptor-G protein interactions- 
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Plasmid constructtons 

The rat somatostatin SSTR2 and rat adenosine A2a receptor expression plasmids 
(pJH2, pLPl 10) were deswibed elsewhere (LA Price et al. (1995). LA. Price et al. 
(1996)). The protein-coding region of the rat NTRl {K Tanaka et al (1990)) was 
modified by PGR for efficient expression in yeast Oligonucleotides that addaS' HindlU 
site and a yeast translational initiation consaisus sequence to the 5* end (TCTC 
AAGCTT AAAA ATG CGC CTC AAC AGC TCC GCGXSEQ ID NO: 27) and a Bglll 
site to the 3' end after the termination codon (ACAC AGATCT CTA GTA CAG COT 
CTC GCG GG)(SEQ ID NO: 28) were used to amplify the NTRl sequences. The 
resulting fragment was purified, digested with the appropriate restriction endonucleases 
and inserted between HindOI and BamHl sites in the phospho-glyceiate kinase (PGKl) 
promoter containing expression vector. pPGKH (Y.S. Kang et al (1990)), forming 
pMP198. 

The protein-coding region of the human MCR4 (/. Gantz et al (1992)) was 
modified by PGR for efficient expression in yeast. Oligonucleotides that add a 5 ' Hindm 
site and a yeast translational initiation consensus sequence to the 5' end (TCTC 
AAGCTT AAAA ATG CGC CTC AAC AGC TCC GCG)(SEQ ID NO: 27) and a BgRl 
site to the 3' end after the termination codon (ACAC AGATCT CTA GTA CAG CGT 
CTC GCG GG)(SEQ ID NO: 28) were used to amplify the MCR4 sequences. The 
resulting fragment was purified, digested with the appropriate restriction endonucleases 
and inserted between HindiW and BamVl sites in the phospho-glycerate kinase (PGKI ) 
promoter containing expression vector, pPGKH {TS. Kang et al (1990)\ forming 
pMP223. The wild type rat CCK-B-R expression plasmid pMP203 was constructed by 
amplifying the protein-coding region of the rat CCK-B-R {S.A. Wank et al (1992)) by 
PCR, Oligonucleotides that add a 5' Mmfflll site and a yeast translational initiation 
consensus sequence to the 5* end (ATTT AAGCTT AAAA ATG GAG CTG CTC AAG 
CTO AAC CG)(SEQ ID NO: 29) and a Bglll site to the 3* end after the termination 
codon (TCCC AGATCT TCA GCC AGO CCC CAG TGT GCTG)(SEQ ID NO: 30) 
were used to amplify the rat CCK-B-R sequences. The resulting fragment was purified, 
digested with the appropriate restriction endonucleases and inserted between HiruM and 
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Banim sites in the phosphoglycerate kinase (PGKl) promoter containing expression 
vector, pPOKH (Y.S. Kang et aL (1990)1 forming pMP203. 

A second rat CCK-B-R expression plasmid, pMP2S8, was constructed using 
oligos that add a S' Bgia site and a yeast translational initiation consensus sequence to 
the 5* oligo (ATTT AGA TCT AAAA ATG GAG CTG CTC AAG CTG AAC CGXSEQ 
ID NO: 3 1). The 3' oligonucleotide specified the 3' end after the termination codon by 
adding a Sa/I site (TCCC GTC GAC TC A GCC AGG CCC CAG TGT GCTG) (SEQ ID 
NO: 12). The fragment obtained using the above oligos was purified, digested with the 
appropriate restriction endonucleases and inserted between BamVI and ATjoI sites in the 
glycerolphosphate dehydrogenase (GPD) promoter containing expression vector 
p426GPD (D. Mumberg et al (1995)), 

The protein-coding region of the human CCK-A receptor {A. de Weerth et al 
( 1993)) was modified by PGR for efficient expression in yeast. Oligonucleotides that add 
a HindUl site and a yeast translational initiation consensus sequence to the 5 ' end (AAAA 
AAGCTT AAAA ATG GAT GTG GTT GAC AGC CTT)(SEQ ID NO: 32) and a Bglll 
site to the 3' end after the lennination codon (AAAA AGATCT TCA GAC CCC ACC 
GTG GCT)(SEQ ID NO: 33) were used to amplify the CCK-A receptor sequences. The 
resulting fragment was purified, digested with the appropriate restriction endonucleases 
and inserted between Hindill and BamHl sites in the phospho-glycerate kinase (PGKl) 
promoter containing expression vector, pPGKH (Y.S, Kang et al, (1990)), foming 
pMP209. 

A rat M3-muscarinic acetylcholine receptor (r./. Bonner etai (1987)) expression 
plasmid, pEK290» was constructed using oligos that add a 5' Bglll site and a yeast 
translational initiation consensus sequence to the 5' oligo (GTCA AGATCT AAAA ATG 
ACC TTG CAC AGT AAC)(SEQ ID NO: 34). The 3' oligonucleotide specified the 3' 
end after the tcrmmation codon by adding aXhol site (TACC CTCGAG CTA C AA GGC 
CTG CTC CGG C)(SEQ ID NO: 35). The fragment obtained using the above oligos was 
purified, digested with the appropriate restriction endonucleases and inserted between 
BamHl and Xhol sites in the glycerolphosphate dehydrogenase (GPD) promoter 
contauung expression vector p426GPD (D. Mumberg et al, (1995)), 



wo 00/12704 



PCT/US99/200n 



-38- 

A Drosophila melanogaster muscarinic acetylcholine receptor {H A Shapiro et 
al. (1989)) expression plasmid, pEK289. was constructed using oligos that add a 5' Bglll 
site and a yeast translational initiation consensus sequence to the 5* oligo (ATCC 
AGATCT AAAA ATG TAC GGA AAC CAG ACG AAC GG)(SEQ ID NO: 36). The 
3* oligonucleotide specified the 3' end after the termination codon by adding zXhol site 
(TAAG CTCGAG TTA TCT AAT TGT AGA CGC GGC GXSEQ ID NO: 37). The 
fragment obtained using the above oligos was purified, digested with the ^qnopiiate 
restriction cndonucleases and insated between Bamm and Xhol sites in the 
glycerolphosphate dehydrogenase (GPD) promoter containing expression vector 
p426GPD (D. Mumberg et al, (1995)). 

A human GnRH receptor (SS Kakar et aL (1992)) expression plasmid. 
p426GPD-hGnRHR, was constructed using oligos that add a 5* Bghl site and a yeast 
translational initiation consensus sequence to the 5' oligo (ATTT AGA TCT AAAA 
ATG GAG CTG CTC AAG CTG AAC CG)(SEQ ID NO: 3 1). The 3' oUgonucleotide 
specified the 3' end after the termination codon by adding aS'^TI site (TCCC GTC GAC 
TCA GCC AGG CGC CAG TGT GCTG){SEQ ID NO: 12). The fragment obtained 
using the above oligos was purified, digested with the appropriate restriction 
endonucleases and inserted between Bamm and Xhol sites in the glycerolphosphate 
dehydrogenase (GPD) promoter containing expression vector p426GPD (Z). Mumberg 
etai (1995)1 

A human vasopressin V2 receptor (M Birnbaumer et al, (1992)) expression 
plasmid, p426GPD-hV2R, was constructed using oligos that add a 5' Bglll site and a 
yeast ttanslational initiation consensus sequence to the 5 ' oligo (ATTT AGA TCT AAAA 
ATG GAG CTG CTC AAG CTG AAC CG)(SEQ ID NO: 31). The 3' oligonucleotide 
specified the 3' end after the termination codon by adduig a Sail site (TCCC GTC GAC 
TCA GCC AGG CCC CAG TGT GCTGXSEQ ID NO: 12). The fragment obtained 
using the above oligos was purified, digested with the appropriate restriction 
endonucleases and inserted between Bamm and Xhol sites in the glycerolphosphate 
dehydrogenase (GPD) promoter containing expression vector p426GPD (D. Mumberg 
etal(1995)). A human histamine H3 receptor {T, W, Lovenberg et al, (1999)) 
expression plasmid, pET19, was constructed using oligos that add a 5* Bgia site and a 
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yeast transladonal initiation consensus sequence to the 5' oligo (ATTT AGA TCT AAAA 
ATO GAG CTG CTC AAG CTG AAC CGXSEQ ID NO: 3 1 ). The 3 ' oligonucleotide 
specified the 3' end after the tomination codon by adding a Sail site (TCCC GTC GAC 
TCA GCC AGG CCC CAG TGT GCTG)(SEQ ID NO: 12). The fragment obtained 
using the above oligos was purified, digested widi the appropriate restriction 
endonucleascs and inserted between AimHI and JOwl sites in the glycerolphosphatc 
dehydrogenase (GPD) promoter containing expression vector p426GPD (D. Mumberg 
etaL(I995)). 

Ahuman adrenergic o2Areceptor(C><. GuyeretaL r7PW;) expression plasmid. 
pMP249, was constructed using oligos that add a 5' Bgm site and a yeast tianslational 
initiation consensus sequence to the 5' oligo (ATIT AGA TCT AAAA ATG GAG CTO 

CTC AAGCTGAACCG)(SEQIDNO:3l).The3' oligonucleotide specifiedlhe3'end 
after the termination codon by adding a Sail site (TCCC GTC GAC TCA GCC AGG 

CCCCAGTGTGCTG)(SEQIDNO: 12). Thefragmentobtainedusingtheaboveoligos 
was purified, digested with the appropriate restriction endonucleases and insoted 
between BamlU. aadXhol sites in the glycerolphosphatc dehydrogenase (GPD) promoter 
containing expression vector p426GPD (D. Mumberg el al (1995)). 

A human p2-adrenergicreceptor(AA: Kohilkaetal. r^P*?;) expression plasmid, 
pETI9, was constructed using oligos that add a 5' Bglll site and a yeast translational 
initiation consensus sequence to the 5' oligo (ATTT AGA TCT AAAA ATG GAG CTG 
CTC AAG CTG AAC CG)(SEQ IDNO: 31). The 3' oligonucleotide specified the 3' end 
after the termination codon by adding a &/I site (TCCC GTC GAC TCA GCC AGG 
CCCCAGTGTGCTG)(SEQIDNO: 12). The fragment obtained using the above oligos 
was purified, digested with the appropriate restriction endonucleases and inserted 
between Bo/nHI and ATioI sites in the glycerolphosphatc dehydrogenase (GPD) promoter 
containing expression vector p426GPD (Al Tanaka et al. (J 990)). 

An Apfysia californica octopamine OAl receptor (E. Kandel, Columbia 
Univ«sify, personnal communication) expression plasmid, pMP255, was constmcted 
using oUgos thatadd a5' i?s^ni site andayeasttranslational initiation consensus sequence 
to the 5' oUgo (ATTT AGA TCT AAAA ATG GAG CTG CTC AAG CTG AAC 
CG)(SEQIDNO: 31). The3' oUgonucleotide specified the 3' end after the termination 
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codon by adding a Sail site (TCCC GTC GAC TCA GCC AGO CCC CAG TGT 
GCTO)(SEQ ID NO: 12). The fiagment obtained using the above oligos was purified, 
digested with the appropriate testriction endonucleases and inserted between BamHi and 
Xhol sites in the glycerolphosphate dehydrogenase (GPD) promoter containing expression 
vector p426GPD (D. Mumbergetal (1995)). 

A vector suitable for replacing the chromosomal GPAl sequences with chimeric 
genes encoding the mammalian C-terminai amino acids was produced. The base vector 
was produced as follows. A fragment of the GPAI gene (C Dietzel et al, (1987), I 
Miyajima et al (1987), M. Nakqfuku et al (1987)) comprising the promoter and coding 
sequence was isolated from pPGKH-SCGl (KS Kangetal (1990)). The silent mutation 
that formed the BamHI site was placed within the GPA I open reading fiame at a position 
at which a conserved BamHI site is often found in G protein alpha subunit coding 
sequences. One 0.5 kb GPAl fragment was amplified from sequences composed of the 
3* regulatory sequences using oligos that added BamUl and Xbal (AAA GGATCC AGO 
AAC TGT ATA ATT AAA GTA (SEQ ID NO: 38); and ATG TCTAGA AAT TAA 
CAA CAA TAA AGA)(SEQ ID NO: 39). A second 0.5 kb GPAl fragment with Xbal 
and Sail sites (ATT TCTAGA CAT TGT TTC ATT AAT TGA (SEQ ID NO: 40); and 
TTT GTCGAC TTA TCT CAT CAC TGG CAT TTA)(SEQ ID NO: 4 1) was produced. 
The firagments were inserted sequentially into corresponding sites in YIp5 (MF. Rose et 
al (1990)), a URA3-containing integrating vector, forming pLP136. The resulting 
construa may be linearized using the artificial Xbal site inserted between 3' fragments. 

Chimeric G protein integrating vectors were constructed by adding to pLP136 
BamlH firagments encoding the carboxy terminus of Gpal with the 5 carboxy terminal 
amino acids of mammalian G proteins. The ^a/nHI fragments were amplified using 
oligos that placed BamlH sites in frame at both ends as mdicated below in Table 1. 
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Table 1. Oligonucleotides used to construct with chimeric GPAl alleles containing 
modified caiboxy termini coding sequences. 

5' OPAl: 5' AAG TGG ATC CAT TOT TTC GAA GGA ATT ACA G (SEQ ID 
NO: 42) 

ot, ail, oi2: 5' AGC TGG ATC CTC AAA ACA AAC CAC AAT CTT TAA GOT 
TTT GCTGGA TGA TTA G (SEQ ID NO: 43) 

oi3: 5* AGC TGG ATC CTC AAA ACA AAC CAC ATT CTT TAA GOT TTT OCT 
GGATGA TTA G (SEQ ID NO: 44) 

oo: 5' AGC TGG ATC CTC AAT ACA AAC CAC AAC CTT TAA GGT TTT GCT 
GGATGA TTA G (SEQ ID NO: 45 ) 

as: 5' AGC TGG ATC CTC ACA ACA ATT CAT ATT GTT TAA GGT TTT 
GCTGGA TGATTA G (SEQ ID NO: 46) 

az: 5* AGC TGG ATC CTC AAC ACA AAC CAA TAT ATT TAA GGT TTT GCT 
GGA TGATTA G (SEQ ID NO: 47) 

aq,l 1 : 5' AGC TGG ATC CTC AAA CCA AAT TAT ATT CTT TAA GGT TTT 
GCT GGA TGA TTA 0 (SEQ ID NO: 48) 

al2: 5* AGC TGG ATC CTC ATT GCA ACA TAA TAT CTT TAA GGT TTT GCT 
GGATGA TTA G (SEQ ID NO: 49) 

al3: 5' AGC TGG ATC CTC ATT CCA ACA TCA ATT GTT TAA GGT TIT GCT 
GGATGA TTA G (SEQ ID NO: 50) 

al4: 5' AGC TGG ATC CTC AAA CCA AAT TAA ATT CTT TAA GGT TTT GCT 
GGA TGA TTA G (SEQ ID NO: 5 1) 

ol 5,1 6: 5 • AGC TGG ATC CTC ACA ACA AAT TAA TTT CTT TAA GGT TTT 
GCT GGA TGA TTA G (SEQ ID NO: 52) 
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The 3' oligos specified the coding sequences for the 5 carboxy-tenninal amino 
acids from each of the mammalian Ga proteins. The fragments were digested with 
Bamm and inserted in the correct orientation into the sole Bamm site in pLP136, 
producing the integrating plasmids identified below in Table 2. 



Table 2. Plasmids used to r^lace the GPAl gene with chhneric GPAl 
alleles containing modified carboxy termini coding sequences. 





PlflSmtd G DfOteln iitnlia Qiihiinit« 


Cwbrocv-tenninal amino acids 




Opal 


KIGn(SEQIDNO: 53) 


1) 


pGA4/.Goi2 Gat, Gail, Gai2 


DCGLF(SEQIDNO: 54) 


2) 


pGPAI-Gai3 Gai3 


ECGLF (SEQ ID NO: 55) 


3) 


pGPAl-Gao Gaol, Gaol 


GCGLY (SEQ ID NO: 56) 


4) 


pGPAl-Gaz Gaz 


YIGLC(SEQ ID NO: 57) 


5) 


pGPAl-Gaq Gotq,Gall 


EYNL(SEQIDNO: 58) 


6) 


pGPAI-Call Gal 2 


DIMLQ.(SEQIDNO: 59) 


7) 


pGP^i-Gal3 Gal3 


QLMLE(SEQIDNO: 60) 


8) 


pGPAl-Gal4 Gal4 


ENFLV (SEQ ID NO: 61) 


9) 


pGA47-Gal6 Gal5,Gol6 


EINLL(SEQIDNO:62) 


10) 


pGPAJ-Gas Gasl,Gas2 


QYELL(SEQIDNO:63) 




DNA fragments encoding the caiboxy tennini of mammalian G alpha proteins 



were obtained from existing expression plasmids (Y.S, Rang et aL (1990)), The 
fragments were inserted in the correct orientation mto the sole Banim site in pLP136. 

A FUSl-LzcZ reporter gene bearing plasmid (pMP283) was constructed by 
tiansfeiiing the Pstl-SaU FUSI-LacZ fragment frompSL307 (G. McCqffi-eyetal. (J 987)) 
to corresponding sites in the multicopy TRPl contaming vector, pRS426 (T.W. 
Christianson et at). 

Strain constructions 

Yeast strains were constructed, and growth media and culture conditions 
fi)rmulated according to standard procedure {MR Rose et al, (1990)). Yeast strains 
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containing diimeric G proteins weie constructed by two step integrative replacement of 
the CPAl locus. In order to target this construct to integrate at the GPAl locus, the 
chimeric G protein expression piasmids were digested with Xbal, DNA-mediated 
transformation of MPY578fc cells to uracil prototrophy using the linear fiagment was 
carried out using the lithium acetate method {A. St. Jean et al (1991)). Selection for 
replacement of the GPAl locus was accomplished by plating on FOA medium 
(MF, Rose et al. (1990)). Yeast cells surviving this procedure were examined by PCR 
to demonstrate the presence of the altered GPAl allele. 

In order to construct yeast shuttle vectors containing chimeric GPAl genes, a 3 ' 
fragment of the GPAl gene was amplified using the oligonucleotides shown in Table 1 . 
The 3* coding fragment contained coding sequences for the carboj^-terminal GPCR 
bindmg domain of GPAl in which the five caiboxy-terminal amino acids were replaced 
with those of manunalian G alpha proteins. The resulting fragments were subcloned into 
pLP136,a t//MJ, integrating shutde vector based on YIp5 (M,F. Roseetal. (1990)). The 
resulting constructs were linearized with Xbal to promote integration at the GPAl locus 
and used to transfoira MP Y578fc cells (M/f. Pamch et al (1998)), resulting in the yeast 
strains identified below in Table 3. 

Table 3. Yeast strains used in this study 

Slmn. Genotvpe 

MPY578fc MATa GPAl ste2ALEU2 /arlALYS2sst2ASST2'NEO 
fmlAFUSl'HlS3fiis2AFUS2CANl ura3 leu2 trpi his3 fys2ade2 
can!* 

MPY578ai2 U?\SmcgpalAGPAl-Goin 
MPY578cd3 MPY578fc gpa/ JGi'^y-Gai3 
MPY578ao MPY578fcgja/4G/'^/-Gao 
MPY578aq MPY578fc gpalAGPAl-Gaq 
MPY578as MPY578fc gpalAGPAl-Gas 
MPY578az MPYSlSfc gpalAGPAI-Gaz 
MPY578al2 MPY578fcgpa/4G/'i47-Gal2 
MPY578al3 MPY578fcffw//lGiV17-Gal3 
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MPY578ol4 hSPYSnfcgpalAGPAl-GaH 
MPY578al6 MPY578fcs7oy-dG/'i4/-Gol6 

The Ura+ transfonnants were passaged on FOA medium and replacement of the 
GPAl locus with the chimeric alleles confiimed. The resulting strains (Table 3) were 
then transformed with plasmids conferring expression of various heterologous GPCRs, 
The yeast strains were assayed in the agar or Uquid formats using appropriate cognate 

agonists. The ability of each GPCR/Gproteinalphasubunit strain to transduceagrowth- 
promoting signal was determined and die results displayed in Figure 1 1 . 

The GPCRs assayed in yeast displayed G protein alpha subunit coupling 
selectivity expected from their behavior in their native contexts. For example, the 
neurotensmNTRl, a Gq coupled receptor in mammalian cells (ii: Tanakaetat. (1990)), 
promotesgrowthinGpal-Gq/1 1 containing yeast strains, whUe Ming to promote growth 
in Gpal-Gs strains. NTRl promotes growth in the Gpal^l6 strain, as expected given 
the promiscuous couplmg behavior of 016 in mammalian cells (G. Maiigan et d 
(1996)). Conversely, the vasopressb V2 receptor, a Gs coupled receptor in mammalian 
ceUs Bimbaumer et al. (1992)), promotes growth ra Gpal-Gs containing yeast 
strains, while failmg to promote growth in Gpal-Gq/1 1 strains. Taken together, these 
data indicate that GPCRs expressed in yeast retain G protein alpha subunit coupling 
selectivity. Thus, the yeast strains described here represent a convenient tool useful for 
demonstrating the G protein alpha subunit coupling selectivity of GPCRs. 

Example 10. Agonist-independent growth stimulated by the adenosine A2a 
receptor overexpressed in yeast strains containing chimeric G alpha 
proteins. 

In order to employ orphan GPCRs in HTS assays, functional activity of tiie 
GPCRs must be demonstrated in the absence of agonist. In die above examples, 
mutations introduced into GPCRs confer a constitutively activated state, which leads 
to an increase yeast cell growth rate in Uie absense of agonist. An alternative 
approach arises from the observation diat constitutive activation of downstream 
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signaling pathways xesults when certain wild-type GPCRs are overexpiessed in 
mammalian cells. This approach leads to constitutive activity and activation of 
downstream signaling pathways in the absense of agonist 

The phenomenon may be explained by increased accumulation of GPCRs that 
have switched spontaneously to the active state. In the simple three-state model that 
describes GPCR activation, the recq)tor exists in equilibrium between a unique state 

the active state R*, and the inactive state R* states, with the inactive state 
predominant in the absense of agonist. The GPCR may switch spontaneously 
between R and the active and inactive configurations. Agonists stabilize the active 
configuration, permitting GPCRs to stimulate downstream signaling molecules. At 
wildtype expression levels, spontaneous conversion to the active configxiration does 
not permit accumulation of GPCRs to a level that is sufficient to produce detectable 
activation of downstream signaling pathways above basal levels. When GPCRs are 
overexpressed, more of the receptors are present and capable of transforming 
spontaneously into the active configuration, thus activating downstream signalmg 
pathways by mass action. 

Application of this approach in the yeast cell expression system described 
herein suggests that overexpression of GPCRs should lead to activation of growth in 
the absence of agonist. This growth activation should be proportional to the amount 
of receptor expressed; more receptors expressed leads to a faster growth rate in the 
absence of agonist. As well, growth activation should be observed only in the cells in 
which GPCR and G protein are able to couple efficiently. 

To test this approach, rat adenosine A2a receptor expression plasmids 
conferring high (pLPl 16, a multicopy plasmid, described in Price L A„ SirnadJ,, 
Pausch M. K, andHadcock J. Hy Pharmacological characterization of the rat A2a 
adenosme receptor functionally coupled to the yeast pheromone response pathway, 
Mol. Pharmacol. 50. 829-837, 1996) and low(pMP145, a low-copy number, 
centromere containing plasmid, described in Pausch et al.) levels of receptor were 
introduced into yeast cells useful for performing assays of GPCR agonist-stimulated 
growth, such as those described in United States Patent 5,691 , 1 88. Specifically, 
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MPY578fc cells described in Pausch et al (Pausch, A£ Price. L A., KaJkawsU, E 
M, Strnad, J., Delacruz, R, Heinrich J. A., Ozenberger, B. A,, mdHadcock J. 
Heterologous G protein-coupled receptors in Saccharomyces cerevisiae. Methods for 
genetic analysb and ligand identification. Identification and expression ofG protein- 
coupled receptors, Lynck K it, EA, Wilcy-Liss, New York, NY. 1998, 196-212) and 
the chimeric G protein containing strains described in Example 9 were tiansfoimed 
with pLPl 16, pMP145 and the empty vector pRS426 using the conventional lithium 
acetate transfomfiation. 

MPY578fc and related chimeric G protein containing strains expressing the 
adenosine A2a receptor were assayed in liquid culture. Eight individual transformants 
of each plasmid-containing strain were cultured overnight in 0.2 ml SC-glucose-ura 
medium. The cells were diluted 500 fold into 0.2 ml cultures of SC-glucose-ura-his, 
pH 6.8 medium containing 2, S or 10 mM 3-aminotriazole in 96 well plates. 
Adenosine deaminase is added (0.13 mg/ml) to degrade and inactivate any adenosine 
produced by the yeast cells. Growth was monitored by recording increases in ODS70 
usmg a microplate reader. Growth rate measurements were obtained during the 
logarithnuc phase of yeast cell growth. Optical density measurements were analyzed 
using GraphPad Prism. As shown in Figure 1 1 , the yeast cells containing the 
adenosine A2a receptor produced an agonist-independent growth response, 
demonstrating that the fiinctional activity of the adenosine A2a receptor may be 
detected in the absense of agonist As expected, the adenosine A2a receptor produced 
the highest growth rate when expressed at high levels in cells which contain G alpha 
proteins to which it is able to couple efBciently, e. g. Gpal and Gpal-sS and Gpal- 
al6. The agonist-independent growth response is also proportional to the amount of 
adenosine A2a receptor produced, i. e. cells containing the multicopy adenosine A2a 
receptor expression plasmid, pLPl 16, grew faster than cells containing the low copy 
number plasmid, pMPI45. 

These results indicate that the functional activity of orphan GPCRs may be 
detected in the absence of agonist by overexpression in yeast cells that contain various 
chimeric G protein constructs. Thus, an orphan GPCR may be overexpressed in yeasi 
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cells that contain various chimeric G protein constructs in the absence of agonist If 
the orphan GPCR is capable of stimulating yeast cell growth, and does so selectively 
via coupling to a subset of chimeric G proteins, then it must be function and, 
therefore, is suitable for inclusion in a drug screening assay. Such screening assay 
would be performed under empirically determined receptor expression condition in 
which the stimulatory effect of agonist would be detected over the basal growth rate. 

Other embodunents of the invention will be apparent to those skilled in the art 
fix)m consideration of the specification and practice of the invration disclosed herein. 
It is intended that the specification and examples be considered as exemplary only, 
with a true scope and spirit of the invention being indicated by the following claims. 

The references cited herein are specifically mcorporated by reference in their 
entirety* 
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We claim: 

1. A host cell comprising a constitiidvely active heterologous G protein- 
coupled receptor. 

2. The host cell according to claim 1, wherein the host ccB is a eukaiyotic 

cell. 

3. The host cell according to claim 2, wherein the heterologous G protein- 
coupled receptor is modified at an mtracellular domain of the G protein-coupled 
receptor. 

4. The host cell according to claim 3, wherein the mtracellular domain is the 
third intFacellular loop. 

5. The host cell according to claun 2, wherein the host cell is yeast. 

6. The host cell according to any one of claims 1 to 5, wherein the 
heterologous G protein-coupled receptor is an orphan receptor. 

7. The host cell according to claim 5. wherein the heterologous G protein- 
coupled receptor is modified at amino acid residues Asp-Arg-Tyr in the domain 
proximal to the second intracellular loop of the G protein-coupled receptor. 

8. The host cell according to claim 5, wherein the modified G protein-coupled 
receptor is a human alpha 2A adrenergic receptor and the modification comprises a 
point mutation of threonine to lysine at amino acid residue 373. 

9. The host cell according to claim 8, wherein the modification further 
comprises a truncated third intracellular loop having 44 amino acids. 

10. The host cell according to claim 7, wherein the heterologous G protein- 
coupled receptor is a M3 muscarinic acetylcholine receptor. 

1 1 . The host cell according to claim 10, wherein the aspartic acid residue is 
replaced by a hydrophobic amino acid. 

12. The host cell according to claim 1 1 , wherein the hydrophobic amino acid 
is isoleucinc. 
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13. A method for screening compounds capable of binding to G protein- 
coupled receptors comprising the steps of (a) subjecting the host cell according to 
claim 1 to a test compound; and (b) measuring the effect of the test compound on cell 
growth. 

14- The method according to claun 13, wherein the host cell is yeast 

15. A host cell comprising a heterologous G protein-coupled receptor, and a 
mutation of a host cell gene that results in an improved functional response of the G 
protein coupled receptor in a cell-based assay. 

1 6. The host cell according to claim 1 5, wherein the mutation results in 
improved agonist stimulated growth promoting ability. 

1 7. The host cell according to claim 1 5, wherein the mutation results in 
improved coupling between the heterologous G protein-coupled receptor and a 
heterotrimeric G protein or failure of the receptor to interact with cell desesitization or 
sequestration-intemalization machinery, or proper plasma membrane localization. 

1 8. The host cell according to claim 1 5, wherem the host cell gene encodes a 
regulatory receptor protein kinase, and the mutation causes a reduction in receptor 
phosphorylation. 

19. The host cell according to claim 1 8, wherein the regulatory receptor 
protem kinase is selected from the group consisting of G protein-coupled receptor 
kinases, protein kinase A, protein kinase C and casein kinase. 

20. ^ The host cell according to claim 15, wherein the host cell gene encodes a 
component of the endocytic or degradative pathway and the mutation causes a 
reduction in receptor sequestration, internalization, or degradation. 

21 . The host cell according to claim 15, wherein the mutation affects the ratio 
or nature of sterols m the host cell membrane. 

22. The host cell according to claim 2 1 , wherem the host cell is yeast and the 
host cell gene is selected from the group consisting of ERG2, ERGS, ERG4, ERGS, 
andERG6. 

23. The host cell according to claim 22, wherein the host cell gene is ERG6. 
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24. The host ceU according to claim 23, wherein the heterologous G protein- 
coupled receptor is selected from the group consbting of a human melanocortin 
receptor, a rat somotostatin SSTR2 receptor, a rat M3 muscarinic acetylcholine 
receptor, and a rat CCKB receptor. 

25. The host cell according to claim 21, vy^erein the host cell is yeast and the 
host cell gene is selected from the group consisting of HEMI^ HEMS, SUTl, PDX3, 
UPCL and UPC2 (UPC2G) and wherein the mutation allows the host cell to grow in 
the presence of exogenously added sterols. 

26. A method for screening compounds capable of binding to G protein- 
coupled receptors comprising the steps of (a) subjecting the host cell according to 
claims IS, 18, 20, or 21 to a test compound; and (b) measuring the effect of the test 
compound on ceil growth. 

27. A method for expressing constitutively active heterologous G protein- 
coupled receptors in a host cell comprising: 

(a) transforming the host cell with a vector comprising a DN A sequence 
encoding a modified heterologous G protein-coupled receptor, wherein 
the modification results in a constitutively active G protein-coupled 
receptor; and 

(b) culturing the transformed host cell to pennit expression of the 
heterologous G protein-coupled receptor. 

28. The method according to claim 27, wherein the host cell is yeast. 

29. A host cell comprising a modified G protein alpha subunit gene, wherem 
the modified G protein alpha subunit gene encodes a chimeric G alpha protein. 

30. The host cell according to claim 29, wherein the host cell is a eukaryotic 

cell. 

31. The host cell according to claim 30, wherein the host cell is yeast 

32. The host cell according to claim 29, wherein the modified G protein alpha 
subunit gene comprises a first nucleic acid sequence encoding the amino terminal 
domain of an endogenous G alpha protein, linked to a second nucleic acid sequence 
encoding the carboxy terminus of a heterologous G alpha protein. 
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33. The host cell according to claim 29, wherein the modified G protein alpha 
subunit gene comprises a substitution of a first nucleic acid sequence encoding the 
five carboxy terminal amino acids of an endogenous G alpha protein for a second 
nucleic acid sequence encoding the five carbojQr terminal amino acid sequences of a 
heterologous G alpha protein. 

34. The host ccU according to claim 32, wherem the amino terminal domain 
of the G alpha protein comprises an interaction domain for a G beta protein, a G 
gamma protein, and an effector molecule. 

35. The host cell according to claim 32 or 33, wherein the modified G protein 
alpha subunit gene is GPAL 

36. The host cell according to claim 32 or 33, further comprising a 
heterologous G protein-coupled receptor. 

37. The host cell according to claun 36, wherein the modified G protein alpha 
subunit gene is GPAl and the host cell is yeast. 

38. The host cell according to claim 36, wherein the heterologous G alpha 
protein is a mammalian protein. 

39. The host cell according to claim 37, wherein the modified GPAl gene 
comprises a first nucleic acid sequence encoding the amino terminal domain of an 
endogenous G alpha protein, linked to a second nucleic acid sequence encoding the 
carboxy terminus of a mammalian G alpha protein selected fix>m the group consisting 
of Gai2, Gai3, Gao, Gas, Gaq, Gaz, Gal 1, Gal2, Gal3, Gal4, Gal5, and Gal6. 

40. The host cell according to claim 37, wherein the modified GPAl gene 
comprises a substitution of a first nucleic acid sequence encoding the five carboxy 
terminal amino acids of an endogenous G alpha protein for a second nucleic acid 
sequence encoding the five carboxy terminal amino acid sequences of a mammalian G 
alpha protein selected from the group consisting of Gai2, Gai3, Gao, Gas, Gaq, 
Gall, Gaz, Gal2, Gal3, Gal4, and GaI5, and Gal6. 

41 . The host cell according to claim 36, wherein the heterologous G protein- 
coupled receptor is selected fiom the group consisting of rat somatostatin SSTR2, rat 
adenosine A2a, rat muscarinic acetylcholine M2 and M3, D. melmogaster muscarinic 
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acetylcholine Ml, rat neurotensin NT-1, human vasopressin V2, rat cholecystokinin 
CCK-A and CCK*B, human gonadotropin releasing honnone GnRH, human 
melanocortin MCR4, human adrenergic a2A, Aplysia califomica octopamine OAl, 
human bombesin receptor related sequence 3 (BRS3X human histamine H3, and 
human P2-adreneigic receptor. 

42. An isolated DNA sequence encoding a chimeric G alpha protein, wherein 
the DNA sequence comprises a first nucleic acid sequence encoding the amino 
tennina] domain of a O alpha protein of a first species, and a second nucleic add 
sequence encoding the carboxy terminus of a G alpha protein of a second species, 
which is different from the first species. 

43. The DNA sequence according to claim 42, wherein the amino terminal 
domain of the G alpha protein of the first species comprises an interaction domain for 
a G beta protein, for a G gamma protein, and for an effector molecule. 

44. An isolated DNA sequence encoding a chimeric G alpha protein, wherein 
a first nucleic acid sequence encoding the five carboxy terminal amino acids of a G 
alpha protein from a first species is substituted for a second nucleic acid sequence 
encoding the five carboxy terminal amino acid sequences of a G alpha protein from a 
second species, which is different from the first q>ecies. 

45. A polypeptide encoded by the DNA claim 42 or 44. 

46. A method of meastiring agonist-stimulated activation of a heterologous G 
protein- coupled receptor in a host cell comprising: 

(a) transforming the host cell according to claim 29 with a vector 
comprising a DNA sequence encoding a heterologous G protein- 
coupled receptor; 

(b) culturing the transformed host cell in the presence of an agonist 
specific for the heterologous G protein-coupled receptor, and 

(c) measuring the growth of the host cell in response to the agonist to 
determine the agonist-stimulated activation of the heterologous G 
protein-coupled receptor. 
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47. A method of measuring the coupling specificity of a G alpha protein for a 
heterologous G protein-coupled receptor comprising: 

(a) transfonning a host cell according to claim 29 with a vector comprising 
a DNA sequence encoding a heterologous G protein-coupled receptor, 

(b) culturing the transformed host cell in die presence of an agonist 
specific for die heterologous G protein-coupled receptor; and 

(c) measuring the growdi of the host cell in response to the agonist to 
determine the coupling specificity of the G alpha protein for the 
heterologous G protein-coupled receptor. 

48. The method according to claims 46 or 47, wherein the host cell is yeast. 

49. A method of measuring agonist-stimulated activation of a heterologous G 
protein- coupled receptor in a host cell comprising: 

(a) culturing a host cell accordmg to claim 36 m the presence of an agonist 
specific for the heterologous G protein-coupled receptor, and 

(b) measuring the growth of the host cell in response to the agonist to 
determine the 

agonist-stimulated activation of die heterologous G protein-coupled receptor. 

50. A mediod of measuring die coupling specificity of a G alpha protein for a 
heterologous G protein-coupled receptor comprising: 

(a) culturing a host cell according to claim 36 in die presence of an agonist 
specific for die heterologous G protein-coupled receptor; and 

(b) measuring the growth of die host cell in response to the agonist to 
detcrmme die coupling specificity of die G alpha protein for die 
heterologous G protein-coupled receptor. 

5 1 . The mcdiod according to claun 49 or 50, wherein die host cell is yeast. 
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